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Introduction


Recently, use of water as a reaction solvent or co-solvent has
received considerable attention in synthetic organic chemis-
try.[1] Organic reactions in aqueous media have several
advantages compared with reactions under dry conditions,
which are required in many conventional synthetic proce-
dures. For example, it is necessary to dry solvents and
substrates vigorously before use for many reactions in dry
organic solvents, but for reactions in aqueous media, such
drying is unnecessary. In addition, unique reactivity and
selectivity that are not attained under dry conditions are often
observed in aqueous reactions. Along these lines, reagents and
catalysts that work well in aqueous media have been
developed so far.


Research on catalytic asymmetric reactions has been one of
the most important fields in modern organic chemistry, and
many excellent catalysts have been developed.[2] On the other
hand, development of catalytic asymmetric versions of the
aqueous reactions, especially carbon ± carbon bond-forming
reactions, is still in a preliminary stage. Exceptions are
asymmetric phase-transfer catalysis, many examples in which
chiral ammonium or phosphonium as the catalyst in aqueous/


organic biphasic systems have been reported,[3] and enzyme-
(or catalytic antibody-) catalyzed reactions.[4] In the past five
years, however, other catalytic asymmetric carbon ± carbon
bond-forming reactions with water as a solvent or co-solvent
have appeared in the literature. These examples were realized
by using unique catalytic systems designed for aqueous
reactions, and demonstrate the significant role of water in
affecting catalytic activity and efficiency. In this Concept, we
summarize these reactions and disclose the concepts needed
for development in this emerging field of importance. The
examples of phase-transfer catalysis and enzyme-catalyzed
reactions are not included here, and reactions that use
catalytic or near stoichiometric amounts of water compared
with the substrates used[5] are also beyond the subject of this
Concept.


Discussion


Palladium-catalyzed allylic substitution : Palladium-catalyzed
asymmetric carbon ± carbon bond-forming reactions, espe-
cially allylic substitution reactions, have been intensively
studied, and many excellent chiral ligands have been devel-
oped.[6] Recently, this type of reaction has been successfully
carried out in aqueous media. In the search for efficient
polymer-supported catalysts that work in water, Uozumi and
co-workers have developed several polymer-supported chiral
palladium catalysts.[7] For example, on the basis of their
studies on new chiral ligand design, they developed polymer
catalyst 1 and found that it catalyzed asymmetric allylic
substitution in high yield and high enantioselectivity
(Scheme 1). A key to the success of this catalyst is the use
of polystyrene-poly(ethylene glycol) graft copolymer (PS-
PEG) resin as a solid support. The amphiphilic nature of the
resin is crucial for the efficient catalysis in water, probably
because the hydrophobic PS matrix concentrates organic
substrates around it and the hydrophilic PEG region interacts
with the ionic species that must react with organic substrates.
The authors also showed that catalyst 1 was easily recovered
and reused.


Ohe, Uemura, and co-workers reported another example of
asymmetric allylic substitution in aqueous media.[8] They
developed a new chiral phosphinite ligand derived from �-
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glucosamine hydrochloride and used it for carbon ± carbon
bond-forming allylic substitution. Acetonitrile was used as a
co-solvent, and good enantioselectivity was obtained as shown
in Scheme 2.


Surfactants have been occasionally used in organic reac-
tions in water, and several surfactant-type catalysts have been
so far developed.[9] Sinou and co-workers found that asym-
metric allylic substitution in water was improved with the aid
of a surfactant. They tested various surfactants including
anionic, cationic, zwitterionic, and nonionic ones; they found
that the cationic one with hydrogen sulfate anion gave the
best result (Scheme 3).[10]


Rhodium-catalyzed 1,4-addi-
tion of boronic acids : 1,4-Addi-
tion of organometallic re-
agents to �,�-unsaturated car-
bonyl compounds constitutes a
powerful tool in organic trans-
formation. Recently, Miyaura
and co-workers have devel-
oped rhodium-catalyzed 1,4-ad-
dition of aryl- or alkenylboron-
ic acids to enones; they found
that water as a co-solvent facil-
itates product formation.[11] An
asymmetric version of the
1,4-addition in the presence of
BINAP (BINAP� (1,1�-bi-
naphthyl) as a chiral ligand has


also been developed by Hayashi, Miyaura, and co-workers
(Scheme 4).[12] In most cases, they used water/dioxane (1/10)


O O


Ph


[Rh(acac)(C2H4)2] (3 mol %)
(S)-BINAP (3 mol %)
PhB(OH)2 (5 equiv)


H2O/dioxane (1/10)
100 °C, 5 h


>99%, 97% ee


Scheme 4. Rhodium-catalyzed asymmetric 1,4-addition of arylboronic
acids to enones in aqueous media.


as a solvent. Asymmetric 1,4-
addition to �,�-unsaturated es-
ters was also realized in aque-
ous dioxane.[13] The authors
proposed a mechanism in which
the rhodium enolate, formed by
1,4-addition of an organorhodi-
um intermediate, was hydro-
lyzed to give the 1,4-addition
product and a (hydroxo)rhodi-
um species, which reacted with
a boronic acid through trans-
metalation to complete the cat-
alytic cycle. This mechanism
was later confirmed by NMR
studies, and on the basis of
the mechanistic studies a more
active catalyst, [{Rh(OH)
(binap)}2], was found and used
for the reaction at lower tem-
perature.[14] Hayashi and co-
workers also reported that ni-
troalkenes could be used as
substrates in the asymmetric
1,4-addition (Scheme 5).[15]


In the course of their inves-
tigations on new chiral ligands,
Tomioka and co-workers have


Scheme 1. Asymmetric allylic substitution catalyzed by polymer-supported palladium catalyst 1 in water.
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Scheme 2. Asymmetric allylic substitution in aqueous media.
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Scheme 3. Surfactant-aided asymmetric allylic substitution in water.
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Scheme 5. Rhodium-catalyzed asymmetric 1,4-addition to nitroalkenes.


found that chiral amidomonophosphine 2 is an excellent
ligand for the asymmetric 1,4-addition to enones in aqueous
dioxane.[16]


N
PPh2


O


2


Lewis acid catalysis in aqueous media : Lewis-acid-catalyzed
reactions are of great interest because of their unique
reactivities and selectivities, and the mild reaction conditions
used. While wide variety of reactions with Lewis acids have
been developed, these Lewis acids are moisture sensitive and
are easily decomposed or deactivated in the presence of even
a small amount of water. In
1991, the first report on use of
water-compatible Lewis acids,
lanthanide triflates Ln(OTf)3,
in aqueous media was reported
from our laboratory.[17] The
most characteristic feature of
Ln(OTf)3 is that they are stable
and can be used as Lewis acids
in aqueous media even for acid-
labile substrates, such as silyl
enol ethers. After the first re-
port, not only Ln(OTf)3 (Ln�
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu), but
also scandium (Sc) and yttrium
(Y) triflates were shown to be water-compatible Lewis acids,
and these rare-earth metal triflates, RE(OTf)3, have been
regarded as new types of Lewis acids.[18] Many useful reactions
are catalyzed by RE(OTf)3 in aqueous media. Only catalytic
amounts of the triflates are enough to complete the reactions
in almost all cases. Furthermore, RE(OTf)3 can be recovered
easily after reactions and reused without loss of activity. We
have now clarified that some metal salts other than rare earth
metals, such as FeII, CuII, ZnII, CdII, and PbII, and possibly
MnII, CoII, NiII, AgI, and InIII (as chloride, perchlorate, or
triflate salts), are also stable Lewis acids in water and work as
catalysts. In addition, common characteristics, that is, a certain
range of hydrolysis constants and a high order of exchange
rate constants for substitution of inner-sphere water ligands
(water exchange rate constant (WERC)), have been found
among these water-compatible Lewis acids.[19]


In spite of these advances in Lewis acid catalysis in aqueous
media, chiral Lewis acid catalysts that work efficiently in
aqueous media had not been reported, and development of
such Lewis acids is regarded as one of the most challenging
topics in organic synthesis.


Lewis-acid-catalyzed Diels ±Alder reactions : Since the pio-
neering work by Breslow and co-workers on the beneficial
effects of water on reaction rates,[20] Diels ±Alder reactions
have been one of the most intensively studied reactions in
which water is used as a solvent. However, no catalytic
asymmetric version had been realized until Engberts and co-
workers disclosed a Lewis acid catalyst composed of a copper
salt and an amino acid, especially N-methyltryptophan
(abrine) (Scheme 6).[21] This is the first example of catalytic
asymmetric carbon ± carbon bond-forming reactions by using
chiral Lewis acids in water. The pyridine part of the substrate
is crucial for its strong binding to the copper cation in a
bidentate fashion. Arene ± arene interactions between the
substrate and the ligand, which are enhanced by water
compared with organic solvents, have also beneficial effects
on high rate and good enantioselectivity.


Lewis-acid-catalyzed aldol reactions : Lewis-acid-mediated
addition of silyl enol ethers to aldehydes (Mukaiyama aldol
reaction) is a useful method to construct �-hydroxy carbonyl
compounds.[22] The finding that the aldol reactions were


catalyzed by water-compatible Lewis acids prompted us to
investigate catalytic asymmetric aldol reactions in aqueous
media. However, our initial attempts to use combinations of
these metal salts and chiral ligands failed.


The most important feature in designing a chiral ligand for
the Lewis acidic metals for reactions in aqueous media is its
binding property to the metal cations. A ligand with strong
coordinating ability often leads to reduction of the Lewis
acidity of the metal cations and, as a result, to low yields of the
desired products. On the other hand, weaker binding ability of
the ligand results in generating free metal cations coordinated
by solvent molecules instead of the ligand. This leads to
decrease in the enantioselectivity of the products by com-
petition between the chiral Lewis-acid- and achiral,
free Lewis-acid-catalyzed pathways. This problem has to be
solved by finding a chiral ligand that has strong binding ability


Scheme 6. Catalytic asymmetric Diels ±Alder reaction in water.
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and does not significantly reduce the Lewis acidity of the
metals.


After many trials, we finally found good combinations of
chiral ligands and the metal salts. Our first successful example
was the use of chiral bis(oxazoline) ligands and copper trif-
late (Scheme 7).[23] Although this combination has been used
in aldol reactions in dry organic solvents, it is useful only for
bidentate-type aldehydes such as �-benzyloxyacetalde-
hyde.[24] On the other hand, our aqueous system can be
applied to simple aldehydes such as benzaldehyde. Water as a
co-solvent was found to play an important role in attaining
high yields and enantioselectivity. Asymmetric aldol reactions
in water without using organic co-solvents were also con-
ducted with the aid of a Lewis-acid ± surfactant-combined
catalyst (Scheme 8).[25]


We have also developed another example of catalytic
asymmetric aldol reactions in aqueous media using a combi-
nation of chiral crown ether 3[26] and Pb(OTf)2 (Scheme 9).[27]


Since it is known that [18]crown-6 and the lead cation form a
complex with a high binding constant in aqueous media,
strong binding of 3 and the lead cation is expected and should
be an important factor to attain high enantioselectivity.


Although lanthanide triflates are the first Lewis acids that
were found to catalyze aldol reactions in aqueous media, it
had been difficult to realize asymmetric versions of the
reactions in such media. Recently, we have reported the first
example of this type of reaction using chiral bis(pyridino)[18]-
crown-6 (4)[28] (Scheme 10).[29] In this case, large lanthanide
metals such as La, Ce, Pr, and Nd gave the aldol adduct with
high diastereo- and enantioselectivities, showing that size-


fitting between the crown ether
and the metal cations is an
important factor to attain high
selectivity.


A study on the reaction pro-
files of the asymmetric aldol
reactions catalyzed by
Pb(OTf)2 with 3 or Pr(OTf)3
with 4 revealed that these
crown-ether-type chiral ligands
did not significantly reduce the
activity of the metal triflates.
This retention of the activity,
even in the presence of the
crown ethers containing oxygen
and nitrogen atoms, is the key
to realizing the asymmetric in-
duction in these asymmetric
aldol reactions in aqueous me-
dia. We think that use of chiral
multidentate ligands, such as
the crown ethers, is a versatile
concept for Lewis-acid-cata-
lyzed asymmetric reactions in
aqueous media.


Mannich-type reactions : Lewis
acid catalysts have also been
developed for enantioselective
addition reactions to imines.
Among them, asymmetric
Mannich-type reactions pro-
vide useful routes for the syn-
thesis of optically active �-ami-
no ketones or esters, which are
versatile chiral building blocks
for the preparation of many
nitrogen-containing, biological-
ly important compounds.[30]


Quite recently, we have de-
veloped the first example of
catalytic asymmetric Mannich-
type reactions in aqueous me-
dia (Scheme 11).[31] We chose


Scheme 7. Copper-catalyzed asymmetric aldol reaction in aqueous media.
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Scheme 8. Copper-catalyzed asymmetric aldol reaction in water.


Scheme 9. Lead-catalyzed asymmetric aldol reaction in aqueous media.
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acylhydrazones as imine surrogates because they can be easily
handled relative to imines.[32] It is surprising that only
10 mol% chiral ligand 5 is required in spite of the presence
of 50 mol% zinc fluoride, suggesting that the ligand accel-
erates the zinc-fluoride-mediated Mannich-type reaction. In
fact, contrary to the aldol reactions mentioned above, the
yield of the Mannich adduct increases in the presence of the
ligand. It is also unexpected
that a small amount of triflic
acid dramatically improves the
yield of the Mannich adduct.
Furthermore, the reaction did
not proceed at all in THF with-
out water, indicating that water
plays an important role here.


Currently, we speculate that
this reaction proceeds with dou-
ble activation, in which ZnII acts
as a Lewis acid to activate the
hydrazone and the fluoride
anion acts as a Lewis base to
attack the silicon atom of the
silyl enol ether.


This asymmetric Mannich-
type reaction was successfully
applied to the synthesis of
(1R,3R)-N-(3-hydroxy-1-hy-
droxymethyl-3-phenylpropyl)-
dodecanamide (HPA-12),[33]


which is the first compound of
a specific inhibitor for sphingo-
myelin synthesis in mammalian
cells and is expected to be of
use as a drug that inhibits intra-
cellular trafficking of sphingo-
lipids.


Addition of alkynes to imines :
Quite recently, asymmetric ad-
dition of terminal alkynes to
imines in water has been ach-
ieved by Li andWei, who used a


catalytic amount of CuOTf and
a pybox ligand (Scheme 12).[34]


The reaction also proceeds in
toluene with high enantioselec-
tivity. It should be mentioned
that the atom efficiency of the
reaction is 100%.


Allylation reactions : Asymmet-
ric allylation reactions of car-
bonyl compounds with allylme-
tals have been a subject of
extensive investigation.[35] Loh
and Zhou reported asymmetric
allylation in aqueous media us-
ing combinations of BINAP
derivatives and silver salts,[36]


which were originally developed by Yamamoto and co-
workers in catalytic symmetric allylation in organic sol-
vents.[37] In the case of the aqueous system, silver nitrate gave
the best result (Scheme 13).


Ligand acceleration is a key factor to realize efficient
asymmetric metal-catalyzed reactions. Previously, we found a
unique system in which cadmium-catalyzed allylation of
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Scheme 10. Lanthanide-triflate-catalyzed asymmetric aldol reaction in aqueous media.
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Scheme 11. Catalytic asymmetric Mannich-type reaction in aqueous media.


Scheme 12. Catalytic asymmetric addition of alkynes to imines in water.
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Scheme 13. Catalytic asymmetric allylation reaction in aqueous media.
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carbonyl compounds with allyltributyltin was dramatically
accelerated by several achiral ligands in aqueous media.[38] As
an extension of this work, we have developed cadmium-
catalyzed asymmetric allylation (Scheme 14).[39] Although the
system has not yet optimized, this ligand-accelerated reaction
may provide a new insight into designing efficient catalytic
systems which work in aqueous media.


Lewis-acid-catalyzed Michael reactions : We have also shown
that combinations of BINAP derivatives and silver salts were
found to be good catalysts for asymmetric Michael reactions
in water (Scheme 15).[40] It should be noted that the high
selectivity was attained in water without using any organic co-
solvents. The selectivity was dependent on the ratio of the
ligand to the Ag salt, and the optimized ratio was found to be
ligand/Ag salt� 1:1.5. A combination of a soft metal (silver)
and a soft ligand (phosphine) is assumed to be a key for the
high enantioselectivity, because this combination secures
strong complexation in the presence of a large amount of a
hard ligand (water).


Conclusion


In this Concept, we have summarized the recent advances in
catalytic asymmetric catalysis in aqueous media. Although we
concentrated on carbon ± carbon bond-forming reactions
here, asymmetric oxidation and reduction in aqueous media
have also been developed.[41] Catalytic asymmetric reactions
in aqueous media can be realized by cleverly designed
catalysts, and we hope that this Concept provides useful ideas
for creating new reaction systems.


In the use of aqueous media, there is an important
advantage other than that stated in the Introduction. It is


related to environmental issues.
Reactions in aqueous media
can potentially be applied to
systems in which no organic
solvents are used throughout
the synthetic procedures.
Therefore, these reaction sys-
tems reduce use of organic
solvents, most of which are
harmful both to humans and
the environment. Although
many problems still remain in
realizing environmentally
friendly chemical processes,
the reactions shown here will
contribute to the development
of ™green∫ asymmetric catalysis
in the future.[42]
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Introduction


The challenging task of predicting crystal structures is of much
current interest in materials science, chemistry, and crystal-
lography.[1±6] Besides the desire to complement the traditional
explorative aspect of solid-state chemistry by calculational
routes,[5] the ever-growing demand for the design of new
materials in various areas, such as superconductors, catalysts,
nanoporous materials, ceramics, magnets, ferro-electrics, or
biominerals, has driven the development of systematic
approaches for the theoretical prediction of new compounds
and their properties. For instance, in the area of microporous
materials, this need is motivated by the recent trend to
develop rational synthesis routes[7] dedicated to the design of
new and interesting large-pore materials.[8]


Similarly, there is a growing interest in the design and
representation of solids by using the concept of molecular
building blocks, with the aim of rationalizing the synthesis of
new inorganic materials in general. A whole series of recent
articles[9] give an excellent picture of this still emerging field in
solid-state chemistry aiming at producing predicted and not-
yet-synthesized structures, by using intuitive and more ration-
al a priori design approaches. As an illustrative example, the
synthesis of new metal phosphates that contain four-mem-
bered rings has recently received particular attention, with the
goal of possibly understanding the stabilization and the
assembly of such units or related ones under hydrothermal
conditions.[10] The authors demonstrate that such units may
occur as precursors of metal phosphates synthesis with further
self-assembly leading to more complex structures, ranging
from one- to three-dimensional structures.


In such a context, the simulation of structures aims not only
at simulating existing structures, but also predicting not-yet-
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synthesized topologies, their relation to existing ones, and
their possible properties. The most general route to address
this challenge starts from the observation that (meta)stable
compounds are kinetically stable local minima of the free
energy. This approach has been directly or indirectly behind
all structure prediction and determination in chemistry, and
we are going to elaborate on this in the next section.


Indeed, the prediction of periodic inorganic structures is a
difficult task involving many degrees of freedom, which are
related to the chemical and structural diversity of inorganic
structures. Assuming, where appropriate, the occurence of
specific building units, which incoporate chemical/structural
information derived from known compounds, is a natural and
valuable step towards the reduction of the number of degrees
of freedom in the simulations. Therefore, there exists a large
number of compounds for which one wants to simplify the
exploration of the energy landscape of the system (i.e. , the
space of all possible spatial arrangements of all atoms) by
introducing some structural information (e.g., prescribe a
fixed size and shape of the unit cell) at the outset, and study
the restricted landscape instead. For this purpose, one of the
most useful concepts is the so-called ™building unit∫ or
™structural increment∫ that is well known from organic
chemistry;[11] this is introduced as a rigid building block
replacing many individual atoms and drastically reducing the
space of parameters that needs to be explored.


Thus, it is not surprising that the computational de novo
prediction of polymorphs by using such building units is now
routinely explored in organic chemistry and polymer scien-
ces.[6, 12, 13] Structures of organic molecular crystals have early-
on been predicted with simulation tools that use symmetry
constraints together with rules for assembling molecular
entities based on simple intermolecular interactions, such as
hydrogen bonding.[14, 15] However, such a task is evidently
more difficult for inorganic networks and extended solids
containing for example complex ions, due to the infinite
extent of the crystal structures. For this reason, the prediction
of not-yet-synthesized complex inorganic crystalline struc-
tures from minimal information is a relatively recent and still
emerging research area.


In this work, we are going to apply the concept of building
units to identify possible structures of not-yet-synthesized
compounds. Our approach is twofold. Firstly, we are going to
employ ™primary∫ building units, which can represent both
individual atoms and rigid collections of atoms such as
molecules or complex ions. Their corresponding energy
landscape can be studied by using generalizations of methods
that have been successfully applied to structure prediction of
solids employing individual atoms.[16] Examples will be given
in the fourth section. However, for larger systems such as
porous solids, more efficient methods are desirable. There-
fore, in the third section, we present our recently developed
AASBU approach[17] (automated assembly of ™secondary∫
building units). The central feature of this new method is its
use of the concept of building unit in a topological fashion: the
combination of predefined building units and of empirical
™glueing∫ rules allows us to scan the possible arrangements of
such units in three-dimensional space to generate infinite
crystal structures. Indeed, such a method opens the way to a


topology-oriented search for new structures. Typically it has
already allowed us to highlight topological relationships
within groups of related materials, such as perovskites or
bronzes.[17] Here, we have chosen to illustrate the application
of the AASBU method in two areas of interest: 1) the
identification of topological relationships within known
families of complex inorganic structures (fifth section) and
2) the generation of new large-pore frameworks containing
targeted local structures such as whole cages (sixth section).


Prediction of Inorganic, Infinitely-Extended Crystal
Structures: History of the General Approach


Increasingly innovative and successful computational meth-
ods for simulating and predicting structures of inorganic solids
have emerged in the past decade, with an unprecedented
development of a collection of sophisticated simulation tools,
ranging from minimization techniques, molecular dynamics,
simulated annealing to first principles methods.


Regarding simulations of the structures of inorganic solids,
atomistic simulations by using localminimization methods are
extensively used in order to simulate the bulk, defect, and
surface structures.[18, 19] One employs a microscopic model of
the chemical system, in which the possible atomic config-
urations are exactly defined by the coordinates of every atom.
Thus, every configuration of N atoms corresponds to a single
point in a 3N-dimensional configuration space. For each of
these configurations, one can now compute the potential
energy and its derivatives (forces on the atoms), and the
hypersurface of the potential energy over the configuration
space constitutes the so-called energy landscape of the system
(for further details on energy landscapes, we refer to the
literature, for example ref. [6]).


A crystal structure that is stable at 0 K corresponds to a
local minimum of the potential energy in configuration space.
Thus, structure prediction at low temperatures is essentially
equivalent to the determination of all local minima, requiring
a global exploration of the energy landscape. However, the
atomistic simulation methods mentioned above usually re-
strict the exploration of the hypersurface of the energy to a
very narrow region, for example the neighborhood of one or
only a limited number of local minima. Thus, they require
predefined (largely known) crystal structures in terms of
space group, cell parameters, and atomic positions. They
allow, for example, to refine or accurately reproduce crystal
structures and explore their lattice energies, or to compare the
energies of several minimum structures.


In the more challenging task of fully predictive simulations,
we are interested in predicting both the existence (i.e. , show
their kinetic and thermodynamic stability) and the structures
of not-yet-synthesized compounds. In this context, the real
challenge consists in developing genuinely predictive compu-
tational procedures that generate physically and chemically
plausible candidate structures, assuming minimum prior
knowledge of the system of interest in terms of symmetry,
cell-size and shape, electronic state, or even chemical
composition. Here, global optimization techniques are re-
quired that are able to identify all local minima of the energy
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landscape and yield the corresponding candidate crystal
structures.


Physically, a structure candidate capable of existence
corresponds to a kinetically stable minimum of the free
energy. As mentioned above, for low-temperature structures,
this translates into potential-energy minima with sufficiently
high ™energetic∫ and/or ™entropic∫ barriers. Finding all such
minima requires the use of global optimization methods such
as simulated annealing[20] or genetic algorithm methods,[21]


and estimating their stability can be performed with addi-
tional exploration techniques, such as the lid method[22] or the
threshold algorithm.[23] Indeed, due to their ability to cross
barriers of the energy hypersurface and to search for regions
with low-energy structures over a large volume of config-
uration space,[24] global optimization techniques are partic-
ularly effective methods for the generation of candidate
structural models and have opened the way to the prediction
of atomic-scale arrangements of inorganic structures.


For example, pioneer work has been done in the field of
zeolites in the context of structure determination and refine-
ment. Zeolites have early-on benefited from simulated
annealing methods for solving zeolite structures from powder
diffraction patterns.[25±27] Here, the generation of candidate
structures obeys several externally imposed criteria, for
example, cell-size together with symmetry and number of
T-sites per unit-cell, with the use of an empirical cost function
based on geometrical characteristics of zeotype structures.
Typically, more than 5000 hypothetical structures can be
generated with this method. Other related applications have
consisted in the determination of the structure of already
synthesized ionic or metallic compounds by performing a
Pareto optimization, in which a weighted average of the
potential energy and the agreement with a powder diffracto-
gram of the compound is minimized.[28, 29]


Global optimization techniques require the use of an
™energy∫ function that evaluates the suitability of the
candidate structures. Regrettably, ab initio energy functions
are too time-consuming to evaluate, and thus one usually
employs a stepping-stone approach. Here, one evaluates the
suitability of the candidate structures by assigning each
atomic configuration an easily computed ™cost∫ instead of
the full potential energy, by using different kinds of cost
functions (appropriately chosen for the particular type of
chemical systems under investigation), during the first global
search, followed possibly by a local energy minimization on ab
initio level.


Most cost functions are approximations of the true poten-
tial energy, employing appropriate and validated interatomic
potentials.[30, 6] However, sometimes additional terms are
introduced reflecting either empirical chemical knowledge,
such as the validity of the bond-valence rules, or the existence
of geometric and/or topological requirements of the structural
elements in the chemical system. For example, the bond-
valence potential model was used for solving the structures of
NbF4 and K2NiF4


[31] for a prescribed size and shape of the unit
cell. As a result of the simulations, the sequence of the Nb ±F
and F ±F radial distribution functions in NbF4 during the
simulated annealing process from the ™molten∫ to the
™frozen∫ crystalline state showed the emergence of the


expected experimental NbF4 structure. When coupled with
lattice energy minimizations and appropriate potential-en-
ergy functions, like the Born model, simulated annealing
based methods have allowed the exploration of the poly-
morphs of various chemical systems, such as noble gases,[32, 33]


TiO2,[34] SiO2,[35±37] NaCl,[38] MgF2,[39] Mg2OF2,[40] and alkali
sulfides[41] and nitrides,[42] with no, or only limited, restrictions
on the unit cell.


Another powerful alternative to simulated annealing meth-
ods has emerged with the use of genetic algorithms. Various
binary/ternary oxides have been explored with this type of
method[43, 44] for a fixed shape and size of the unit cell. Also,
while not belonging to stochastic methods, enumerative
approaches are largely used to classify and enumerate frame-
work structures[45±49] given defined symmetry and connectivity
constraints.[50] For further comparison, Table 1 gives a selec-
tion of the above atomistic simulation approaches successfully
performed for generating inorganic models in the last ten
years, with their respective characteristics, that is, the cost
functions used and the input criteria imposed.


Interestingly, it is apparent from Table 1 that the develop-
ment of simulation tools for crystal structure prediction has
shown continuous improvements towards the use of a
minimum amount of input data. From early work with rather
drastic constraints (i.e., space group together with cell-
parameters and chemical composition) needed to predict
the atomic positions of, for example, zeotype candidate
structures,[25±27] there has been a gradual reduction of the a
priori knowledge needed to predict crystal structures.


For example, through the elimination of symmetry con-
straints during the simulations, Pannetier et al.[31] have opened
the door to solve the following problem: given the chemical
composition of a crystalline compound and the values of its
unit-cell parameters, find its structure by optimizing the
arrangement of ions, atoms, or molecules in accordance with a
set of prescribed rules.


A further crucial improvement was achieved in subsequent
work[5] in which chemical composition,[51, 33] ionic charge,[38]


cell parameters,[32] and symmetry[32] are unconstrained during
the global search. An illustrative application of this approach
is the exploration of the energy landscape of hypothetical
Mg2OF2 compounds.[40] First, structure candidates for Mg2OF2


were obtained through global optimization of the empirical
potential energy by using a variable, periodically-repeated
simulation cell containing up to four formula units (20 atoms).
The neighborhoods of the corresponding local minima were
explored with the threshold algorithm, yielding an estimate of
the energy barriers among them and an analysis of their local
density of states. For the most promising structure candidates,
ab initio energy calculations were performed, in order to rank
the various structure candidates. Finally, the composition of
the magnesium oxide fluoride was varied from Mg3OF4 to
Mg3O2F2 and again global and local optimizations were
performed, with the aim of gaining an insight into the shape
of a hypothetical phase diagram. This analysis showed that 1)
the preferred ternary composition should be Mg2OF2 and 2)
this compound would probably be slightly metastable com-
pared to a 1:1 mixture of the binary compounds MgO and
MgF2.
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The Building Unit Concept


While these methods have been successful in dealing with, for
example, classical ionic systems or porous materials under
highly restrictive boundary conditions, they run into a variety
of serious difficulties when dealing with situations in which
different types of chemical bonds are present at the same time
or in which the restrictions placed on feasible porous
structures are lifted. Also, most of the methods discussed in
the previous section assume prior knowledge of the exact
chemical composition of the system under investigation, and
require the use of specifically parametrized potential-energy
functions to generate the solid of interest. Since the current
approaches often operate within chemically or topologically
constrained systems, such as in the case of zeolites,[25±27] they
do not yet allow us to fully achieve the goal of predicting
inorganic crystalline structures whatever their topology and
independently of their chemical composition.


Here, the concept of a building unit serves as an important
step forward, for which we distinguish between ™primary∫ and
™secondary∫ building units, each addressing a different class
of problems. In the former case, the building unit is just a rigid
aggregate of several atoms forming a molecule or a complex
ion. Constructing such a building unit is equivalent to
introducing large penalty terms in the energy/cost function
that prevent the atoms in the aggregate from changing their
relative positions. Apart from this, the same considerations
hold as in the case of the exploration of the atom-based
configuration space. In particular, the interactions among the
atoms remain the same, for example, Coulomb and Lennard-
Jones interactions, with the simplification that the intra-


building unit interactions are constant and need no longer be
evaluated explicitly during the optimization.[16]


In contrast, secondary building units are more abstract
topological entities that can be used to construct a graph of
corner-, edge-, and face-connected polyhedra embedded in
three-dimensional space.[52] They are the foundation of our
recently developed new approach, the AASBU method
(automated assembly of secondary building units).[17, 53] The
key feature of the method lies in the use of predefined
topological building units and in the exploration of their auto-
assembly in three-dimensional space through a sequence of
simulated annealing plus subsequent minimization steps, with
optional symmetry constraints, but leaving cell-parameters
unconstrained.[54]


This computational method based on the abstract building
units mentioned above has the great advantage that the
simulations are independent of the chemical nature of the
elements of the secondary building units (SBUs). This allows
us to exclusively focus on their capacity to generate con-
nections among each other, while automatically scanning
structures related to one another through topological rela-
tionships. The rules that control the possible assembly of the
SBUs are encapsulated in a cost function consisting of a
Lennard-Jones-like term plus a ™force-field∫ that favors
™sticky-atom∫ pairs. However, this latter term has no direct
physical meaning, serving simply to ™glue∫ together the SBUs
at the linkage points during the subsequent simulation steps,
with a possible merger at a later stage of the graph generation.


The sequence of simulations provides a list of candidate
structures together with their space groups, cell parameters,
and atomic positions, that can, for example, be directly


Table 1. Structure prediction of inorganic solids: a selected comparison of characteristic features of simulation approaches.


Solids under study Stochastic
method[a]


Cost functions Input data for simulations Ref.
Symme-
try


Cell
parameters


Chemical
composition


Other


zeolites SA figure of merit based on geomet-
rical characteristics (d(T-T),
a(T-T-T), etc.)


yes yes yes (i.e., num-
ber of T atoms/
unit cell)


powder diffrac-
tion data


[25 ± 27]


ionic/metallic compounds SA RB-value � simplified potential
energy


none yes yes powder diffrac-
tion data


[28,29]


NbF4, K2NiF4, KAlF4,
LiCoF4, BaSiF4.. .


SA bond valence model none yes yes ± [31]


SiO2 polymorphs SA geometry and potential-energy
function


none yes yes ± [35 ± 37]


Li3RuO4 GA bond valence model � lattice
energy (Born model)


none yes yes ± [43]


TiO2 polymorphs SA lattice energy (Born Model) none yes yes ± [34]


binary and ternary oxides (per-
ovskites, pyrochlore, spinels.. .)


GA refined bond valence model �
lattice energy (Born model)


none yes yes ± [44]


binary noble gases, binary and
ternary ionic compounds
(Na3N, Li3N, Ca3SiBr, SrTi2O5,
Mg2OF2,.. .)


SA�TA potential energy (Lennard-Jones
� Coulomb) � pV term �
chemical potential)


none none none optional: build-
ing units


[32,33,40]


octahedra-based structures:
bronzes, perovskites, pyrochlore,
NaCl, V2O6; zeotypes; complex
SBUs: polymorphs of ULM-n


SA auto-assembly potential function
(Lennard-Jones)


optional none none atomic model for
building unit(s)


[17,53]


[a] SA� simulated annealing; GA� genetic algorithm; TA� threshold algorithm.
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compared with existing inorganic structures. The feasibility of
the method has been demonstrated through the generation of
polyhedra ™backbone∫ networks[55] of both known and not-
yet-synthesized crystal structures among several large classes
of solids, for example, perovskites, bronzes, zeolites, or
spinnels.[17] Since no explicit limit regarding the nature,
number, or size of the SBUs is involved, the method offers a
boundless potential for exploration in terms of the topological
diversity. This especially opens the way to the dedicated
search for new and interesting structures, such as large-pore
materials including cage or channel systems, identified
through their expected properties (thermodynamic stabilities,
adsorption capacities,. . . ).


The following three sections are an attempt to illustrate the
use of primary and secondary building units in the field of
structure prediction. Previously unknown structures gener-
ated in this work will be referred to as ™hypothetical∫ or ™not-
yet-synthesized∫ structures; however, we do not exclude the
possibility that some of these ™unknown∫ structures and/or
structure types may have been previously conceived of or
predicted using alternative methods.


Structure Prediction by Using Primary Building
Units


Validation : A number of very different classes of systems
have been investigated with the purpose of checking the
applicability of primary building units as part of the global
optimization.[16, 56] These range from simple molecules (for
example N2), over complex anions (e.g., NO2 in KNO2) to ions
which can exhibit ™non-spherical∫ charge distributions (e.g.,
Sn2� in SnO). Both for N2 and SnO, the low-temperature
structures were the preferred local minima, while for KNO2


many low-energy minima were found, which all corresponded
to different modifications of the NaCl-type superstructure
that is observed at high temperatures. In each of these
modifications the NO2 ion×s rotation present at high temper-
atures is frozen in place thus breaking the high symmetry of
the high-temperature structure.


Here, we are going to discuss another example, MgCN2.
Several Mg2� ions and CN2


2� ions served as the input.
Associated with the building unit was a point charge
distribution over the unit, with the total charges adding up
to �2. The interaction was a Coulomb interaction among the
charges of the Mg and CN2 units plus a Lennard-Jones
potential describing the repulsion and the polarization of
neighboring atoms, similar to the one employed in the usual
structure prediction with simple ions.[38] The positions of the
nitrogen atoms of the building unit relative to the carbon
atom were chosen to be the average of those observed in other
dicyanamides. To avoid the introduction of further potential
parameters, the building unit was treated as rigid. Since the
final charge distribution within the CN2


2� unit is not known a
priori, global optimizations were performed with several
distributions, (q(C)��4, q(N)��3), (q(C)��2, q(N)�
�2), (q(C)� 0, q(N)��1), and finally with the total charge
(�2) located in the center of mass of the unit.


A large number of structure candidates was found, with the
two most prominent ones being the experimentally observed
structure and a structural analogue to the FeS2 structure,
respectively, in which Mg occupies the Fe positions and CN2


replaces the S2 dumbbells. Both structures appeared as local
minima of the energy function for several of the charge
distributions, indicating the high robustness of these config-
urations. For these two structure candidates, we performed
local ab initio optimizations using the Hartree ± Fock program
CRYSTAL98[57] together with a shell code we wrote to
perform an efficient local optimization. We found that the
experimentally observed structure had the lower energy as
expected, but that at very high pressures a transition to the
FeS2-related structure might be possible.


Structure prediction : As an example of structure prediction,
we are going to consider the system Li4CO4. Here, lithium was
chosen as Li�, and we employed a CO4


4� building unit, with
two limiting charge distributions, (q(C)��4, q(O)��2) and
(q(C)� 0, q(O)��1), and a tetrahedral coordination anal-
ogous to SiO4 units in crystalline SiO2. Since this structural
unit has not yet been observed within an extended solid, we
have in addition optimized the size of the building units over a
range of C�O distances, d(C�O)� 1.37 ± 1.57 ä. The lower
limit of the ™bond length∫ was chosen to approximate the sum
of the ionic radii of C4� and O2�, while the second one was
based on the repulsion between the oxygen ions analogous to
the one in SiO4, which leads to a larger tetrahedron.


Again, the building unit was treated as rigid with fixed
charge distribution for each individual optimization run, and
the interaction between the ions was a sum of Coulomb and
Lennard-Jones terms, just as in the case of the MgCN2 system.
The parameters of the Lennard-Jones potential were
�LJ(Li�O)� 2.1 ± 2.2 ä, �LJ(Li�O)� 0.4 eV. Up to four for-
mula units were employed in these optimizations, and as usual
cell size and shape, and atomic positions were free to vary. The
adjustment of the size of the building unit occured by
alternating empirical potential global optimizations and ab
initio local cell optimizations for the structure candidates
found in the global optimization step. The final C�O distance
of d(C�O)� 1.42 ä is in satisfactory agreement with those
experimentally and theoretically determined for molecules
containing a CO4 unit.[58]


After performing several hundred global optimizations in
this fashion, six structure candidates turned out to be the most
prominent ones (listed in Table 2).[59] They were found during
optimization runs for nearly all sizes and charge distributions
of the building unit indicating the robustness of these local
minima on the energy landscape. In addition to these
structure candidates, many further local minima were found
in this system. In most instances, they either constituted
distorted variants of the candidates discussed above or
exhibited several different coordination polyhedra around
the Li ions.


In some of the structure candidates Li was only fourfold
coordinated in a distorted tetrahedron. These low-symmetry
configurations are reminiscent of the (average) structure(s)
given for Li4SiO4 in the inorganic crystal structure data
base.[60] In this context, one notices the relatively high
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coordination numbers (mostly five and six) of Li by oxygen
in several of the proposed structures, in contrast to the usual
fourfold (and partly fivefold) coordination in for example
Li2O and Li4SiO4. Heuristically, the reason for this is most
likely the size of the orthocarbonate ion: since it appears
that it is about 10 ± 15% smaller than the analogous SiO4


unit, the tetrahedral cavities that can be formed by the oxygen
ions are too small to contain the Li ions, and thus the
electrostatic and packing contributions to the energy appear
to be better satisfied by an extended coordination sphere of
the Li ion.


Figure 1 shows the final energy/volume curves taken from
the local optimization on Hartree ± Fock level. From this, we
would conclude that the most likely structure will be Li4CO4-


Figure 1. Energy/volume curves for Li4CO4 system. Plus signs: Li4CO4-I ;
crosses: Li4CO4-II ; open squares: Li4CO4-III ; asterisks: Li4CO4-IV; open
circles: Li4CO4-V; filled squares: Li4CO4-VI.


VI (Figure 2b), and at a pressure of about 5 GPa, a transition
to the Li4CO4-I structure (Figure 2a) will take place. The
other four candidates considered are expected to be meta-
stable, but need to be taken into account, of course, since they


Figure 2. Structure candidates found during global optimizations of the
Li4CO4 system, with CO4 building units. a) Li4CO4-I : blue tetrahedra and
yellow octahedra represent CO4 and LiO6 units, respectively; b) Li4CO4-
VI : blue tetrahedra and yellow tetrahedra represent CO4 and LiO4 units,
respectively. Red spheres represent oxygen atoms.


Table 2. Data for structure candidates for Li4CO4 after local optimizations on Hartree-Fock level using the CRYSTAL 98 program.[57]


Space group (no.), Cell parameters Atom (multiplicity, Wyckoff letter), relative coordinates Vmin [ä3] Emin [a.u.]
crystal system, type (a,b,c [ä], �,�,� [�]) atom x y Z


P4≈3m (215) a� 3.95370 C (1b) 0.5 0.5 0.5 61.803 � 367.4492
cubic �� �� �� 90 O (4e) 0.291988 0.291988 0.291988
Li4(CO4)-I Li (4e) 0.807997 0.807997 0.807997


R3m (160) a�b� c� 4.32264 C (1a) 0.999612 0.999612 0.999612 79.821 � 367.4376
trigonal �� �� �� 84.7778 O (3b) 0.819092 0.819092 0.193157
Li4(CO4)-II O (1a) 0.163217 0.163217 0.163217


Li (1a) 0.714089 0.714089 0.714089
Li (3b) 0.498611 0.498611 0.102857


I4≈2m (121) a� 6.61036 C (2b) 0 0 0.5 172.159 � 367.5417
tetragonal c� 3.93986 O (8i) 0.624814 0.624814 0.791190
Li4(CO4)-III �� �� �� 90 Li (8i) 0.336138 0.336138 0.287824


I4≈2m (121) a� 3.88482 C (2a) 0 0 0 125.977 � 367.5620
tetragonal c� 7.89402 O (8i) 0.705020 0.705020 0.603189
Li4(CO4)-IV �� �� �� 90 Li (8i) 0.176552 0.176552 0.648799


Cm (8) a� 6.43641 C (2a) 0.006574 0 0.496557 153.003 � 367.4973
monoclinic b� 6.50881 O (4b) 0.999398 0.825902 0.713899
Li4(CO4)-V c� 3.71019 O (2a) 0.833148 0 0.214404


�� 100.1426 O (2a) 0.194344 0 0.353678
�� �� 90 Li (4b) 0.805456 0.694595 0.009318


Li (4b) 0.698232 0.198175 0.475248


C2 (5) a� 8.25217 C (2a) 0 0.197073 0 138.764 � 367.5888
monoclinic b� 4.27796 O (4c) 0.366612 0.508428 0.021915
Li4(CO4)-VI c� 4.37047 O (4c) 0.578445 0.884280 0.289308


�� 115.9229 Li (4c) 0.257162 0.682776 0.294739
�� �� 90 Li (4c) 0.621522 0.134745 0.714904
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(and many additional structures not listed here[61, 62]) are also
capable of existing, and might actually be found as the
outcome of particular synthesis routes. Regarding the kinetic
stability of these structures, we have no quantitative data,
since no threshold runs have been performed for this system.
However, the fact that the Li4CO4-I and the Li4CO4-VI
structures were found during global optimizations over a
rather wide range of pressures and for all different sizes of the
CO4 unit, indicates they should possess a rather high degree of
stability as long as the CO4 unit itself is stable. Preliminary
global optimizations for the Li4CO4 system employing carbon
and oxygen atoms/ions instead of CO4-units together with the
lithium atoms/ions, show that for high pressures we should
expect a shift in the coordination of carbon by oxygen from
three (trigonally planar) to four (tetrahedral), suggesting that
at sufficiently high pressures, the fourfold coordination will be
stable.


Investigations of Topological Relationships: A Case
Study of the ULM and MIL Families


By construction, the AASBU method turns out to be an ideal
tool for generating and comparing structures which exhibit
the same building unit but have different topologies. Here,
emphasis is placed on the way building units are assembled to
form the solid itself, and how this framework differs from one
solid to another. Such a use of the AASBU method should
allow us not only to rationalize the organization of the known
structures, but also to search for new topologies based on the
same building unit.


With this in mind, we have extensively investigated the
ULM and MIL families of solids.[63] These compounds are
obtained by hydrothermal synthesis and consist of fluorinated
gallophosphates templated with various amines. Most of them
are built from a hexameric unit (SBU-6) that contains three
phosphate groups and three gallium polyhedra (one octahe-
dron and two trigonal bipyramids) (Figure 3, bottom). De-
pending on the nature of the templating amine, different
structures are obtained; the trans-corner linkage of the SBU-6
gives rise to layered structures with linear or zig-zag chains,
such as ULM-8 and MIL-30, while connections of SBU-6 by
translation and/or by a mirror plane operation lead to three-
dimensional structures with open frameworks, typically
ULM-3, ULM-4, TREN-GAPO, or MIL-31.


AASBU simulations were performed in various space
groups, by using a double SBU-6, together with appropriate
Lennard-Jones parameters to allow their assembly in three-
dimensional space (Figure 3, top). Ligand atoms available for
connection are represented in black, while those already
involved in intra-building-unit bonds are represented in clear
grey, and were appropriately parametrized to prevent further
connections. For clarity in the presentation of our results, the
conventional ™�∫ or ™�∫ sign is used to represent the
orientation of the building units in the simulated structures,
depending on the position of the central tetrahedron below
(�) or on top (�) of the central octahedron (Figure 3,
bottom).


Figure 3. Bottom: The hexameric unit SBU-6 is extracted from exper-
imentally known gallophosphates such as ULMs and MILs; it contains
three phosphate tetrahedral groups (dark grey) and three gallium
polyhedra (light grey). Ligand (i.e., connecting) atoms are shown as black
spheres. Top: The double SBU-6 used in the AASBU simulations is shown
together with the appropriate interatomic potential parameters that allow
the connection of SBUs to one another.


The key result of the simulations is that not only the
experimentally known topologies were predicted, but also a
whole series of not-yet-synthesized topologies (see Figure 4).
Interestingly, these simulated frameworks include both la-
mellar (two-dimensional) and three-dimensionally extended
arrangements. It is noteworthy that in the cases of the
experimental lamellar structures (ULM-8 and MIL-30), the
template agents occupy the interlamellar space and are meant


Figure 4. The AASBU simulations using the double SBU-6 (see Figure 3)
generate both lamellar and three-dimensional structures, that include
experimentally known topologies and not-yet-observed topologies.
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to influence the distances be-
tween the inorganic sheets.
However, no attempt was made
in our simulations to take into
account the template agent and
its interaction with the inorgan-
ic part. As a consequence, the
distances between the sheets
observed in the simulated la-
mellar structures have no
chemical meaning, so that only
the connections among the
building units were analyzed
and compared to those belong-
ing to existing structures. For
this reason, predicted space
groups and cell parameters are
given only for the simulated
three-dimensional topologies.


Indeed, the prediction of a
whole family of topologically
related structures, including
both known and unknown ones,
demonstrates the efficiency of
the AASBU method, and high-
lights the potential of this approach for structure prediction
and determination purposes. In principle, such simulations
allow us to build up a database of hypothetical structures,
possibly based on relatively complex building units, that could
be highly useful for solving the structure of related com-
pounds synthesized in the future.


The Building Unit Used as Targeted Local Structure
of Interest: Prediction of Materials Containing


Sodalite and D4R Cages


In experimental chemistry, the building unit concept is
evidently a very useful tool to a posteriori describe and
analyze existing and new tolopogies, and in the preceding
sections, we have used such units as input to structure
prediction. Reversing this line of reasoning, there is a recent
trend to consider the concept of building units as an a priori
tool to reach synthetically targeted materials,[9] that is,
postulate a given local structural unit and find extended
structures that either incorporate or completely consists of
such ™target∫ units.


For this purpose, the AASBU method appears to be an
excellent tool. As an interesting application in the area of
microporous solids, we are going to use the AASBU method
for the aggregation of large structural motifs, such as whole
cages commonly found in known and interesting zeotype
structures. Examples are the assembly of sodalite cages (�-
cage) and double-four-rings (D4R), generating three-dimen-
sional networks in the process.


Structures containing sodalite cages : As a first example, we
chose the �-cage (Figure 5, left), which may be considered as
the building unit of interesting zeotypes such as SOD, LTA,


FAU, and EMT frameworks, that is, these structures may be
described as being three-dimensional arrangements of only �-
cages. Since a number of these zeolites have important
industrial applications both in catalysis and gas separation, we
expect that new structures built out of this cage may have
interesting properties.


Prior to the AASBU simulations, the �-cage was extracted
from the experimental sodalite structure,[64] leaving the first
neighbor ligand atoms free for connection (in black in
Figure 5). AASBU simulations were then performed in
various space groups, by treating the �-cages as rigid bodies
and by using appropriate Lennard-Jones potential parameters
(Figure 5, left) to allow their joining. Sometimes, further
relaxation of ligand atoms were achieved through additional
minimization steps to allow full connection between �-cages.


Figure 6 shows a selection of three illustrative hypothetical
frameworks, M1, M2, and M3, generated by the AASBU
simulations employing one �-cage per asymmetric-unit in
space groups C2/c, C2, and Pm, respectively. These structures
were produced along with their final space groups, cell
parameters, and atomic positions. However, only the T-atom
positions are indicated in Figure 6 for clarity, with �-cages
highlighted in black in each hypothetical structure. Interest-
ingly, while these unknown tolopogies evidently contain the
targeted �-cage, the connections among the �-cages produce a
whole series of known cage structures, such as cancrinite, gme,
eab, lev, and hexagonal prism (Figure 5, right), together with
previously unknown ones. Such an unknown cage appears in
two of the hypothetical frameworks mentioned above, and
was identified to be of type 46626666 according to Smith×s
nomenclature[45] (Figure 5, right). It is also noteworthy that
two of these hypothetical structures, M2 and M3, exhibit eight-
ring channel systems, which are known to be a structural
feature that is of interest for catalysis.


Figure 5. Left: The �-cage as extracted from the sodalite structure is used as a building unit. Ligand (i.e.,
connecting) atoms are shown as black spheres. Appropriate interatomic potentials are chosen to allow their
connection during simulations. Right: the connection among �-cages during AASBU simulations produces a
series of known (can, gme, eab, lev, hexagonal prism) and unknown (highlighted in blue) 46626666 cages.
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Figure 6. A selection of hypothetical frameworks produced during the
AASBU simulations is shown here. In each structure, the �-cage is
highlighted in black and other known/unknown cages in color. The two
structures M1 and M2 contain the unknown cage 46626666 (highlighted in
blue).


This generation of hypothetical frameworks immediately
raises the following question: what would be a compatible
chemical composition for a given topology of interest?
Finding an answer appears to be impossible using only
current computational approaches. Thus, such an a posteriori
choice of adequate chemical compositions currently requires
the expertise of experimental chemists to rationalize the
relationships between the corpus of already synthesized
frameworks and their existing representatives in terms of
chemical compositions. The occurrence of typical topologies
within given chemical composition boundaries may provide
hints for the synthesis of hypothetical frameworks. In this
regard, simulations may be used to estimate the stability of
hypothetical structures in various chemical compositions.


Following this line of reasoning, we have simulated the
crystal structure, and estimated the lattice energies of six
hypothetical zeotype frameworks, including M1, M2, and M3,


by using the GULP code[65] for energy minimizations, for
three candidate chemical compositions SiO2, AlPO4, and
GaPO4, which are frequently reported for zeotype or related
structures. The minimized lattice energy for each structure
was normalized relative to the number of metal atoms in the
structure and compared to the normalized lattice energy of
their corresponding dense polymorphs, �-quartz (SiO2), �-


berlinite (AlPO4), and GaPO4-quartz, respectively, together
with the energy of two existing topologies, the LTA- and
SOD-type structures (Figure 7). The expected monotonic
relationship between density and lattice energies is found,
whatever the chemical composition. Interestingly, the hypo-
thetical SiO2 zeolite structures have lattice energies inter-
mediate between the existing forms of SOD and FAU zeolites
for pure silica. This suggests that such hypothetical structures
may well be thermodynamically viable.


Figure 7. The minimized lattice energies of six hypothetical frameworks
(M1 ±M6) are compared to those of five known structure-types (quartz,
SOD, LTA, EMT, FAU) in three different chemical forms, SiO2, AlPO4,
and GaPO4. Following already known trends, a monotonic relationship is
obtained between lattice densities and lattice energies.


Structures containing double four-rings : The synthesis of new
structures containing D4Rs (double four-rings) have recently
received particular attention, especially with the goal of
identifying and understanding the stabilization of D4Rs and
their assembly under hydrothermal conditions.[10, 66±68] Inter-
estingly, known inorganic structures containing D4R range
from three-dimensional frameworks, such as the one exhib-
ited by cloverite[69] (known for its very open framework and its
interesting acidic properties), to molecular arrangements of
independent D4Rs, found, for example, in the recent example
of [pyr,O]-GaPO-4 reported by Wragg et al.[10b] Both crystal
structures are shown in Figure 8 (gray background), in which
one D4R is highlighted in blue. Such a context has motivated
our choice of the D4R as a building unit using the AASBU
method, with the aim of searching for potentially interesting
topologies, especially those possessing very open frameworks.
Simulations were performed in various space groups, by using
the D4R building unit as extracted from the experimental
crystal structure of cloverite; the building unit therefore
consists of a total of 28 atoms, including eight ligand atoms as
connection points (Figure 8, upper left).


A selection of three hypothetical structures generated by
the simulations are shown in Figure 8 (white background), all
exhibiting interesting open topologies. For each structure, the
final space group is indicated together with its cell parameters.
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For example, one of the structures (left) is closely related to
the cloverite topology. Here, the tunnels are delimited by six
D4R units, instead of eight in the cloverite structure. Its
™interrupted∫ framework similar to that of cloverite, that is,
containing ™pending∫ oxygen atoms pointing toward the
channel, suggests that such a new structure could have
interesting catalytic applications involving acid sites. Another
hypothetical structure (Figure 8, middle) contains the surpris-
ingly large TSC[64] cage (42468818), with a free internal diameter
of 16.2 ä. The third structure reveals the three-dimensional
arrangement of D4R units generating regular 18-ring chan-
nels interconnected by gmenelite (43466283) cages. Again, the
question of the appropriate chemical composition required
for stabilizing such low-density frameworks remains an open
challenge.


Conclusion


As illustrated in the above examples, the use of primary and
secondary building units in the exploration of the energy
landscape of chemical systems allow us to greatly extend the
range of our search procedures to include compounds with
mixed bonding and large (covalent) networks. Besides the
choice of the chemical system and the building unit(s), no
additional information is needed, although for reasons of
efficiency, one might want to keep the number of building
units (and for the AASBU method optionally the symmetry)
fixed for each individual optimization. The significant and
new advantage of methods using such units is that the building
unit may encapsulate a targeted local structure ranging from
complex ions to whole cages or even possibly channels. This
allows us a focussed search for new structures and network
topologies, with as the final goal the design of a priori


structures that possess predefined
desirable properties such as a
high catalytic activity in large
pores.
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Introduction


As chemistry evolves and matures as a science, its techno-
logical facets are becoming increasingly more important. One
example that has developed over the past forty years is
automated solid-phase synthesis, pioneered in the laborato-
ries of Robert Merrifield at Rockefeller University. Reduced
to its essence, the idea was to build a complex polypeptide on
a solid-phase scaffold by successive reactions in which
reagents and solvents were introduced to the solid-phase
support from the outside.[1] Recently, Merrifield×s pioneering
work has set the stage for the synthesis of very com-
plex natural products on solid-phase supports, as well as


Seeberger×s automated synthesis of polysaccharides,[2] which
expands on Danishefsky×s efforts in oligosaccharide synthe-
sis.[3]


An approach that can be thought of as the reverse of
automated solid-phase synthesis also comes to mind. In this
complementary strategy, reagents and catalysts are instead
attached to a solid-phase support[4] and loaded onto sequen-
tially-linked columns. The substrates are present in the liquid
phase that flows through the column. As a substrate
encounters each successive column, it grows in complexity.
Consequently, one can imagine a number of flow systems that
consist of columns attached in series and/or in parallel that
synthesize a fairly complex molecule. We term this strategy
sequential column asymmetric catalysis (sequential CAC),
when at least one of the steps involves a catalytic, asymmetric
transformation.[5] Almost immediately, however, this concept
runs up against evident technical hurdles. For example, the
solvent of choice in the flow system must be compatible with
the packing of all the columns. Reagent columns must
eventually be replaced or regenerated (possibly tedious or
inefficient in practice), whereas catalytic columns may be
used (at least in principle) indefinitely. Purification steps also
provide a formidable challenge. Reactions must either
proceed cleanly, with high yield and negligible byproducts,
or else impurities must be effectively scavenged from the flow
system.[6] In this concepts article, we discuss the development
of the sequential CAC technique, beginning with the most
relevant antecedents to our work.


Continuous Flow System Design and Application


Since the introduction of catalysts and reagents on solid
support, researchers have developed new reaction systems to
take advantage of their insoluble nature by designing multi-
step reaction sequences, high-throughput purification techni-
ques, and combinatorial synthesis methods.[7] The continuous-
flow system is one of these advancements and represents the
backbone of the sequential CAC system. There have been
several noteworthy examples of the synthesis of chiral
materials in good to excellent enantiomeric excess (ee)
through continuous flow systems. In 1986, Itsuno reported
that polymer-supported (S)-(�)-2-amino-3-(p-hydroxyphen-
yl)-1,1-diphenyl-1-propanol (1) was an excellent chiral auxil-
iary reagent for asymmetric reduction of ketones with
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BH3 ¥ THF (Scheme 1).[8] During their investigation, they
observed that after the reduction of the ketone with the
polymeric reagent, careful filtration of the reaction mixture
under N2 followed by subsequent hydrolysis gave the optically
active secondary alcohol quantitatively with high selectivity
(�90% ee). After filtration, the chiral polymer containing the
amino alcohol/borane complex could again induce chirality in
the ketone reduction with borane.


Scheme 1. Asymmetric reduction of an aromatic ketone by chiral auxiliary
reagent 1.


To prove that chiral products could be obtained if there
were a continuous supply of borane and substrate ketone,
Itsuno designed a piece of glassware made up of two flasks (A,
B) connected by a glass-fritted filter (Figure 1). The asym-
metric reduction with the chiral polymer, ketone, and borane
in THF was conducted in flask A. The chiral product yielded
from the reaction was filtered into flask B. Flask A was
supplied with borane and substrate ketone for another run.
Subsequent runs of this ™batch system∫ produced the chiral
alcohol with only a slightly lower optical activity than from the
first run (run 1: 90% ee, run 5: 81% ee).


Figure 1. Schematic of a batch system.


With his batch system in hand, Itsuno applied this reaction
to a continuous-flow system, thus obviating the repetition
involved in the process. The continuous-flow system allows for
the production of large quantities of highly optically enriched
product with the use of only a small amount of the polymeric
chiral auxiliary. The optimized procedure involves the slow


injection through a syringe needle of ketone and borane in
THF to the bottom of a THF-presaturated column that
contains a polymeric 1 ¥ BH3 complex (Figure 2). The flow rate
and ratio of borane and the ketone was controlled by the
syringe pump. The THF solution output was hydrolyzed with
2� HCl to give the chiral alcohol in high enantioselectivity.


Figure 2. Schematic of a continuous flow system for reduction.


Itsuno later applied a continuous-flow system to the
catalytic asymmetric Diels ±Alder reaction of methacrolein
with cyclopentadiene (Scheme 2).[9] Cross-linked polymers


Scheme 2. Asymmetric Diels ±Alder reaction by polymeric chiral
catalyst 4.


possessing chiralN-sulfonylamino acid residues 4made up the
packing of the flow system. Solutions of methacrolein and
cyclopentadiene in CH2Cl2 were added to a column contain-
ing the insoluble polymer 4 pretreated with borane-methyl
sulfide (Figure 3). A cooling jacket maintained the column at
�30 �C. The chiral product 5was eluted continuously from the
bottom of the column in 71% ee.


Figure 3. Schematic of a continuous flow system for cyclization.
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An especially notable recent advance originated in Jacob-
sen×s labs, where catalytic, asymmetric hydrolysis reactions
were successfully conducted on HPLC columns.[10] For
example, epoxy alcohol 6 underwent a hydrolytic kinetic
resolution with silica-supported chiral [Co(salen)] complexes
7 to give triol 8 (Scheme 3). For his continuous-flow system,


Scheme 3. Hydrolytic kinetic resolution of terminal epoxides
by silica-bound chiral [Co(salen)] complex 7.


Jacobsen employed a syringe pump as a solvent delivery
device, an HPLC injector valve equipped with an injector loop
for loading reagents into the reactant stream, a stainless steel
HPLC column packed with 7 as the catalyst bed, and a
receiver flask for the collection of product (Figure 4). A


Figure 4. Schematic of continuous flow system for hydrolytic kinetic
resolution.


solution of epoxy alcohol 6 in THF/water was injected into the
system with a THF/water solvent stream and allowed to flow
through the column. After removing the excess solvent and
remaining starting materials, the desired triol 8 was obtained
in high enantiomeric excess. The column could be regenerated
by passing a small volume of acetic acid/toluene through it.


Development of Column Asymmetric Catalysis


The novelty of the CAC approach rests on the use of
sequentially linked columns that perform discrete functions in
a reaction sequence. We first thought of doing reactions on
sequentially linked columns during the development of a
catalytic, asymmetric synthesis of �-lactams using in situ
generated ketenes, imines, and a chiral, organic nucleophile as
catalyst.[11] Conducting this type of reaction on columns
obviates the need to isolate and/or manipulate highly reactive
monosubstituted ketenes. CAC also eases the separation of
the different solid-phase components and allows for the
recycling of the polymeric catalysts for additional reactions.
Similar to other flow systems, CAC avoids strong agitation
that can degrade resin beads when they are spinning in
solution. Additionally, the use of a scavenger column avoids
the need for column chromatography to purify the product.


An important event that led to the development of CAC
was the discovery that reactive ketenes could be made by
passing a solution of an acid chloride through a column
packed with a resin-bound phosphazine base, tert-butylim-
inodiethylaminodimethylperhydrodiazaphosphorine (BEMP).
BEMP and other phosphazines are remarkably strong non-
metallic bases first pioneered by Schwesinger in the 1980×s.[12]


Similarly to the work of Bolm, we attached quinine to a
solid support to synthesize the chiral packing of the CAC
system.[13]


Utilizing these techniques, we developed a system made up
of different types of columns that constitute a CAC assembly
(Figure 5). Each assembly is designed to duplicate stages in
catalytic reactions, namely substrate preparation, catalysis,
and purification steps. Columns labeled A contain stoichio-
metric reagents that convert precursors into substrates for the
reaction. Column type B is packed with the asymmetric
catalyst, loaded onto a suitable polymeric support. Columns
labeled C contain scavenger resins to remove byproducts and
effect purification. A mixed column D contains both catalysts
and reagents packed together.


Figure 5. Column types that constitute sequential CAC assembly.


Although many different column assemblies can be imag-
ined depending on the precise synthetic sequence that is
desired, for the purposes of the �-lactam forming reaction, we
chose to highlight three different assemblies (Figure 6).
Assembly I possesses two jacketed columns linked together
by a ground glass joint; the top column is packed with a
polymer supported dehydrohalogenating agent that produces
analytically pure, extremely reactive ketenes from inexpen-
sive and widely available acid chlorides. The middle column is
packed with a nucleophile-based solid-phase asymmetric
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Figure 6. Column assemblies.


catalyst. In between the two columns, the imine is added to the
system. An additional column is packed with a scavenger resin
to remove any unreacted ketene or imine from the eluent.


Assembly of the system began by loading two fritted,
jacketed columns, the top column with the BEMP resin 9, and
the middle column with catalyst-loaded beads 10 (Scheme 4).
The scavenger resin 11 was loaded into a column and attached


Scheme 4. Catalytic, asymmetric synthesis of �-lactams with solid phase
reagents and catalyst.


to the bottom of the apparatus. The BEMP column was cooled
to �78 �C, and the catalyst loaded column was cooled to
�43 �C. A solution of phenylacetyl chloride 12 in THF was
added to the top column and allowed to percolate by gravity
through the BEMP resin and onto the lower catalyst-loaded
resin of the middle column. Imino ester 14 was then added
through a port onto the middle column. The reaction was
initiated by allowing a slow drip of THF from the catalyst
column. After passing through the scavenger resin column,
the eluted reaction mixture was concentrated to afford �-
lactam 15 in 93% ee. Crystallization of the residue affords
analytically pure material in 65% yield (�99% ee, 98/2 dr).


To prepare the apparatus for another catalytic cycle, the
columns were separated and regenerated. The catalyst-loaded
resin column was washed with methanol, methylene chloride,
and diethyl ether, then dried under high vacuum. The BEMP
resin was regenerated by rinsing with phosphazene base P4-
tBu in THF/MeCN (1:1), until the eluent was free from Cl�,
and then dried under high vacuum at 120 �C. This reaction was
successfully run through the catalyst column sixty times with
no significant loss in selectivity or yield (90% ee and 62%
yield for run 60). The resin beads can either be stored as
needed in the column itself, or removed to serve another
purpose.


Assembly II is similar except that there are now two
reagent columns on top allowing the sequential CAC techni-
que to conduct a reaction with four discrete steps: 1) for-
mation of reactive ketenes, 2) formation of imines in situ from
corresponding �-chloroamines, 3) catalyzed condensation of
the ketene and imine to form a �-lactam product, and
4) removal of unwanted byproducts from the reaction stream
using a scavenger resin. We found that mixing Celite with
NaH in the column serves as the best packing to form the
imine. NaH is the actual stoichiometric base that dehydroha-
logenates the �-chloroamine 16 to form imine 14, while the
Celite acts as a diluant, slowing down the flow rate of the
solution and thus allowing more time for the formation of the
imine (Scheme 5).


Scheme 5. Dual ketene and imine generation from powdered and solid-
phase bases in the asymmetric synthesis of �-lactams.


In Assembly III, a mixed column rests on top and a
scavenger column rests below. Our concept was to generate
ketenes with columns of powdered K2CO3 to which chiral
catalyst loaded beads have been added. The polymer-sup-
ported quinine beads effect dehydrohalogenation, and then
presumably transfer their protons to the neighboring solid
carbonate. The special appeal of reactions with assembly III is
that they can be scaled up easily. For example, we made one
gram of pure lactam 15 simply by increasing the amount of
carbonate proportionally, while employing the same loading
of catalyst beads (10/1 ratio of carbonate to catalyst).


Since the assemblies are constructed from modular col-
umns, a large number of variations can be imagined, some
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practical, and some, like that depicted in Figure 7, more
hypothetical or fanciful. The apparatus would be designed to
duplicate steps in a convergent chemical synthesis. A complex
or practical enough variety can be thought of as a ™synthesis
machine,∫ although such a device remains far from reality.
Whether concepts such as sequential CAC evolve into a
generally applicable strategy for conducting reaction sequen-
ces is still speculative.


Figure 7. Hypothetical assemblies constructed from modular columns.
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Luminescent Homo- and Heteropolynuclear Platinum(��) Chalcogenido
Aggregates Based on [Pt2E2(P^N)4] Units (E� S, Se)
Vivian Wing-Wah Yam,* Ka-Lai Yu, Eddie Chung-Chin Cheng, Phyllis Kok-Yan Yeung,
Kung-Kai Cheung, and Nianyong Zhu[a]


Abstract: A series of homodinuclear
platinum(��) complexes containing bridg-
ing chalcogenido ligands, [Pt2(�-
E)2(P^N)4] (P^N� dppy, E� S (1), Se
(2); P^N� tBu-dppy, E� S (3))
(dppy� 2-(diphenylphosphino)pyridine,
tBu-dppy� 4-tert-butyl-2-(diphenylphos-
phino)pyridine) have been synthesized
and characterized. The nucleophilicity
of the {Pt2E2} unit towards a number of
d10 metal ions and complexes has been


demonstrated through the successful
isolation of a number of novel hetero-
polynuclear platinum(��) ± copper(�), ±sil-
ver(�), and ±gold(�) complexes: [{Pt2(�3-
E)2(dppy)4}2Ag3](PF6)3 (E� S (4); Se
(5)) and [Pt2(dppy)4(�3-E)2M2(dppm)]-
X2 (E� S, M�Ag, X�BF4 (6); E� S,


M�Cu, X�PF6 (7); E� S, M�Au,
X�PF6 (8); E� Se, M�Ag, X�PF6


(9); E� Se, M�Au, X�PF6 (10)).
Some of them display short metal ¥¥ ¥
metal contacts. These complexes have
been found to possess interesting lumi-
nescence properties. Through systematic
comparison studies, the emission origin
has been probed.Keywords: chalcogens ¥ lumines-


cence ¥ platinum ¥ selenium ¥ sulfur


Introduction


Metal ± chalcogen coordination chemistry has attracted much
attention because of its significance in semiconductors,
catalysis, and biological science. These compounds may serve
as model systems in providing a better understanding on the
underlying mechanism and development of new techniques in
these fields. Many molecular transition-metal chalcogenido
complexes also function as precursors for the synthesis of
inorganic solid-state compounds under relatively moderate
conditions.[1] Among such derivatives, part of the attention has
been drawn to the d8 metal complexes that have a variable
number of chalcogen and metal atoms in their inner core and
which possess certain interesting properties.[2±4] The simplest
type consists of two chalcogen and two metal atoms (M2S2). In
1970, Chatt and Mingos first reported the synthesis of the
diplatinum(��) complex, [Pt2(�-S)2(PMe2Ph)4] that had a
hinged square-planar geometry.[5] A similar complex, [Pt2(�-
S)2(PPh3)4] was reported by Ugo et al. in 1971.[6]


The nucleophilic and donor properties of [Pt2(�-S)2(PPh3)4]
towards various d-block transition-metal ions and complexes
were established in the early 1980s.[7±9] These studies were


further extended to the p-block metals, which has recently
been reviewed by Hor and co-workers.[10] Recently, we
synthesized a related complex, [Pt2(�-S)2(dppy)4] (1, dppy�
2-diphenylphosphinopyridine), which serves as a metalloli-
gand; both the complex and its heterometallic aggregates are
luminescent and have been subjected to photophysical inves-
tigations.[11, 12] It is believed that the employment of dppy
instead of the conventionally used PR3 would provide extra
coordination sites that might serve to stabilize complexes of
higher nuclearity. Despite growing interest in the use of the
Pt2S2 core as a metalloligand, relatively little attention has
been directed to the heavier Pt2Se2 congener, which should
exhibit better nucleophilic behavior.[13, 14] The luminescence
properties of this class of complexes are also relatively
unexplored. As a continuation of our efforts in the field of
transition metal chalcogenides,[15±19] we report here on two
newly synthesized metalloligands, [Pt2(�-E)2(P^N)4] (P^N�
dppy, E� Se 2 ; P^N� tBu-dppy, E� S 3) and their hetero-
metallic aggregates (Scheme 1). The heteropolynuclear ag-
gregates formed by the nucleophilic coordination of [Pt2(�-E)2-
(dppy)4] (E� S, Se) to silver(�) and [M2(dppm)] (M�Cu, Ag,
Au) units are also described. The photophysical properties of
the newly synthesized complexes are also reported.


Results and Discussion


Synthesis and characterization : The new dinuclear platinu-
m(��) chalcogenido complexes 2 and 3 were prepared by a
modification of the previously reported synthetic procedure
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for 1, in which the reaction of [Pt(dppy)2Cl2] and
[Pt(tBu-dppy)2Cl2] with sodium chalcogenide in
acetonitrile gave the respective desired products.
Any unreacted sodium chalcogenide was readily
removed by filtration. The choice of solvents for
the purification of 2 and 3 were limited because
of the reactivity of the complexes with halogen-
ated solvents, similar to the analogous complex 1.
Ligands 1 and 2 were found to have poor
solubility in common organic solvents, whereas
3, with the introduction of a tert-butyl group at
the pyridyl ring of the dppy ligands, has good
solubility in most common organic solvents.
It is well documented that, in the presence of


lone pairs on the bridging sulfur atoms, [Pt2(�-S)2-
(PPh3)4] is capable of coordinating to other metal
centers to thus function as a metalloligand for the
synthesis of heterometallic aggregates. Upon
replacement of a phenyl group in PPh3 by a
2-pyridyl group, namely with a dppy ligand, it is
believed that the presence of an extra coordina-
tion site would further stabilize the electrophilic
metal centers. In the previous communication,
the reaction of 1 with the electrophilic silver(�)
center gave a highly novel heptanuclear hetero-
metallic platinum(��) ± silver(�) complex, [{Pt2-
(�3-S)2(dppy)4}2Ag3](PF6)3 (4), which was struc-
turally characterized. It exhibits rich photophys-
ical and photochemical properties.[11] As a con-
tinuation of our recent interests in the chemistry
of heterometallic aggregates, a similar reaction
with [Pt2(dppy)4(�-Se)2] gave the analogous het-
erometallic selenido platinum(��) ± silver(�) aggre-
gate, [{Pt2(�3-Se)2(dppy)4}2Ag3](PF6)3 (5), which
has also been structurally characterized.
The perspective drawing of the complex cation


of 5 is shown in Figure 1. Table 1 summarizes the


Figure 1. Perspective drawing of the complex cation of [{Pt2(dppy)4(�3-Se)2}2Ag3](PF6)3 (5)
with the atomic numbering scheme. Only the ipso-carbon atoms of the phenyl rings on the
phosphorus atoms are shown for clarity. Thermal ellipsoids are shown at the 30%
probability levels.
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selected bond lengths and angles; the crystallographic data
can be found in the Experimental Section. The structure of the
complex cation of 5 consists of an Ag3 unit sandwiched
between two [Pt2(�3-Se)2(dppy)4] units to give an overall
barrel-shaped structure, isostructural to that of the related
sulfido analogue 4. The Pt ¥¥¥ Pt distances of 3.3369 ± 3.3696 ä
and Ag ±Ag distances of 2.852 ± 3.014 ä are suggestive of the
presence of weak metal ¥¥ ¥metal interactions. The Pt1�Ag1
and Pt3�Ag2 bond lengths of 2.8277(9) and 2.7838(9) ä,
respectively, are also suggestive of weak Pt ¥¥ ¥Ag interac-
tions.[20] The Pt�Se and Ag�Se bond lengths have values of
2.459(1) ± 2.481(1) and 2.505(1) ± 2.594(1) ä, respectively,
which are slightly longer than the metal ± chalcogen bond
lengths observed in 4 (Pt�S: 2.339 ± 2.359 ä; Ag�S: 2.430 ±
2.489 ä), as one would have expected.[11] The [Pt2(dppy)4(�3-
Se)2] metalloligand moiety in 5 has a hinged square-planar
geometry, with a dihedral angle of 129 ± 130�. The Ag-Ag-Ag


angles are in the range of 57.79(3) ± 63.43(3)�, which are not
far from that of 60� for an equilateral triangle observed in a
related Ag3 cluster.[21] The Se1-Ag3-Se4 angle of 172.40(5)� is
close to linearity. The Se2-Ag2-Pt3 and Se3-Ag1-Pt1 angles of
170.80(4) and 164.10(4)�, and Se3-Ag1-N1 and Se2-Ag2-N5
angles of 106.2(2) and 104.4(2)� are distorted from those of a
perfect T-shaped geometry, probably as a result of the steric
demand required for the barrel-shaped structure.
In addition to the electrophilic silver(�), dinuclear metal


complexes with bridging diphosphine ligands can also be
employed in the synthesis of new heterometallic aggregates.
Indeed, 1 and 2 have been shown to be able to act as a
metalloligand to coordinate to the {M2dppm} units (M�Cu,
Ag, Au), forming complexes 6 ± 10. Figure 2 also shows the
proposed structure of 6 ± 10, with the two platinated chalc-
ogen atoms coordinated to the {M2dppm} unit in a bridging
fashion. Each d10 metal center is further stabilized by a pyridyl
nitrogen atom.


E M P
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Figure 2. Proposed structure of complexes 6 ± 10.


Electronic absorption and emission studies : All the com-
plexes are found to exhibit interesting luminescence proper-
ties, and the electronic absorption and emission data are
summarized in Table 2. The electronic absorption spectra of
the platinum(��) chalcogenido complexes 1 ± 3 have low-
energy absorption bands or shoulders at �� 425 ± 488 nm
with extinction coefficients in the order of 103 dm3mol�1 cm�1.
The low-energy absorptions, which were not present in
[Pt(dppy)2Cl2], [Pt(tBu-dppy)2Cl2], dppy and tBu-dppy, are
likely to be characteristic of the platinum(��) chalcogenido
core. Therefore, it is suggested that the origin of these low-
energy transitions should not be derived from the dppy
intraligand (IL) nor the metal-to-ligand charge transfer
(MLCT) [d(Pt)��*(dppy)] transitions. By comparison of
the electronic absorption spectra data of 1 and 2, it is likely
that the low-energy absorption, which shows a red shift from 1
to 2, may arise from a ligand-to-metal charge transfer
(LMCT) [E2��Pt] (E� S or Se) transition, in agreement
with the good �-donating capability of the chalcogenido
moiety. However, an assignment of a ligand-to-ligand charge
transfer (LLCT) [E2�� dppy] transition could also give rise
to the observed trend.
Similarly, the low-energy absorptions at �� 350 nm in the


heterometallic aggregates 4 ± 10 are unlikely to be derived
from an IL [dppy] or MLCT [d(Pt)��*(dppy)] transition.


Table 1. Selected bond lengths [ä] and bond angles [�] for 5.


Pt1�Ag1 2.8277(9) Pt3�Ag2 2.7838(9)
Pt1�Se1 2.477(1) Pt2�Se1 2.460(1)
Pt1�Se2 2.4622(9) Pt2�Se2 2.4732(9)
Pt3�Se3 2.459(1) Pt4�Se3 2.481(1)
Pt3�Se4 2.467(1) Pt4�Se4 2.459(1)
Ag3�Se1 2.508(1) Ag3�Se4 2.505(1)
Ag1�Se3 2.593(1) Ag2�Se2 2.594(1)
Ag1�N1 2.410(9) Ag2�N5 2.404(9)
Ag1�Ag2 3.014(1) Ag2�Ag3 2.852(1)
Ag1�Ag3 2.882(1) Pt2�P3 2.292(2)
Pt1�P1 2.284(3) Pt3�P6 2.298(3)
Pt1�P2 2.308(3) Pt4�P7 2.294(3)
Pt3�P5 2.292(3)
Ag1-Pt1-Se1 91.57(3) Ag1-Pt1-Se2 94.68(3)
Ag2-Pt3-Se3 91.42(3) Ag2-Pt3-Se4 83.21(4)
Ag1-Pt1-P1 90.50(8) Ag1-Pt1-P2 88.91(8)
Ag2-Pt3-P5 93.84(8) Ag2-Pt3-P5 93.84(8)
Ag2-Pt3-P6 90.71(8) Se1-Pt1-P1 175.31(7)
Se1-Pt1-Se2 83.32(3) Se2-Pt1-P1 92.32(7)
Se1-Pt1-P2 85.77(7) P1-Pt1-P2 98.48(10)
Se2-Pt1-P2 168.60(7) Se3-Pt3-P5 92.40(8)
Se3-Pt3-Se4 83.21(4) Se4-Pt3-P5 175.59(8)
Se3-Pt3-P6 169.67(8) P5-Pt3-P6 97.5(1)
Se4-Pt3-P6 86.83(8) Se1-Pt2-P3 90.15(7)
Se1-Pt2-Se2 83.43(3) Se2-Pt2-P3 172.31(7)
Se1-Pt2-P4 170.65(7) P3-Pt2-P4 98.38(9)
Se2-Pt2-P4 87.77(7) Se3-Pt4-P7 171.65(8)
Se3-Pt4-Se4 82.91(4) Se4-Pt4-P7 89.20(8)
Se3-Pt4-P8 86.36(9) P7-Pt4-P8 101.2(1)
Se4-Pt4-P8 168.02(8) Ag1-Ag2-Ag3 58.78(3)
Ag2-Ag1-Ag3 57.79(3) Ag1-Ag3-Se1 89.65(4)
Ag1-Ag3-Ag2 63.43(3) Ag2-Ag3-Se1 101.30(4)
Ag1-Ag3-Se4 97.36(4) Se1-Ag3-Se4 172.40(5)
Ag2-Ag3-Se4 84.56(4) Pt1-Ag1-Ag3 79.02(3)
Pt1-Ag1-Ag2 80.31(3) Pt1-Ag1-N1 82.5(2)
Pt1-Ag1-Se3 164.10(4) Ag2-Ag1-N1 117.2(2)
Ag2-Ag1-Se3 83.85(4) Ag3-Ag1-N1 161.4(2)
Ag3-Ag1-Se3 91.44(4) Pt3-Ag2-Ag1 83.52(3)
Se3-Ag1-N1 106.2(2) Pt3-Ag2-Se2 170.80(4)
Pt3-Ag2-Ag3 84.55(3) Ag1-Ag2-Se2 87.73(3)
Pt3-Ag2-N5 82.1(2) Ag3-Ag2-Se2 88.48(3)
Ag1-Ag2-N5 115.9(2) Ag3-Ag2-N5 166.2(2)
Pt1-Se1-Pt2 85.06(3) Pt1-Se1-Ag3 93.56(4)
Pt2-Se1-Ag3 109.96(4) Pt1-Se2-Pt2 85.08(3)
Pt1-Se2-Ag2 96.38(4) Pt2-Se2-Ag2 118.46(4)
Ag1-N1-C1 128.8(7) Ag2-N5-C69 130.4(7)
Se2-Ag2-N5 104.4(2)
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However, a definite assignment of the low-energy absorption
shoulders is not possible, since the electronic absorption
spectra are fairly featureless.
Complexes 1 ± 3 show intense orange emission in the solid


state, both at room temperature and at 77 K, upon photo-
excitation at �� 350 nm. The solid-state emission spectra of 1
and 2 at 77 K are shown in Figure 3. The long excited-state


Figure 3. Solid-state emission spectra of complexes 1 and 2 at 77 K.


lifetime observed at room temperature suggests that the
emission is most likely to be associated with a spin-forbidden
triplet-state transition. Metal-perturbed IL transition is un-
likely to be responsible for the emission of 1 ± 3, as free dppy
and the tBu-dppy ligand are found to emit at �480 nm in the
solid state, that is, much higher in energy than the complexes.
Moreover, in view of the large Pt ± Pt separation (3.555(1) ä)
as revealed in the structure of 1,[11] an emissive state derived
from a [d�*� p�] transition that results from a dz2 ± dz2 and a


pz ± pz orbital overlap in d8 ± d8 metal ±metal bonded systems
(where d�* is the antibonding combination of dz2 ± dz2 overlap
and p� is the bonding combination of the pz ± pz overlap taking
the Pt ± Pt axis as the z axis)[22] is also unlikely. Neither is this
low-energy emission band appeared to be derived from a
MLCT [d(Pt)��*(dppy)] origin because of its absence in the
[Pt(dppy)2Cl2] counterpart. A further comparison between 1
and 2 suggests that the low-energy emitting state should arise
from states bearing a large amount of LMCT [p(E2�)� d(Pt)]
(E� S or Se) character, in agreement with the better �-
donating capability of the selenido than the sulfido moiety. On
the other hand, comparison of 1 and 3 shows that there is not
much difference in the emission energy between the two,
although a close scrutiny revealed that 3 emits at slightly
higher energy than 1. This is suggestive of some involvement
of the dppy and tBu-dppy ligand in the transition. Thus, the
emission is likely to consist of a large proportion of LMCT
character, with some involvement of a LLCT character.
For the heptanuclear heterometallic aggregates 4 and 5,


low-energy emissions were observed in the solid state, in 77 K
glass, and in solution. A red shift in emission energies has been
observed upon going from 4 to 5 in the 77 K solid state, 77 K
EtOH/MeOH glass, and room temperature MeCN emission
spectra. This is suggestive of an assignment of the HOMO
(highest-occupied molecular orbital) as predominantly chal-
cogenide in character. The contribution of the metal-centered
(MC) [d-s/d-p] states is also possible, based on the observation
of weak metal ¥¥ ¥metal interactions (Pt ¥¥ ¥ Ag and Ag ¥¥¥ Ag) in
their crystal structures. An assignment of an emitting state
bearing a large chalcogenide-to-metal LMCT character, or
alternatively, a metalloligand-to-metal charge transfer


Table 2. Photophysical data for the platinum(��) chalcogenido complexes.


Absorption in MeCN at 298 K Emission
�max [nm] (�max [dm3mol�1cm�1]) Medium (T [K]) �em [nm] (�0 [�s])


[Pt2(dppy)4(�-S)2] (1)[a] 350 (8000), 425sh (3000) solid (298) 645 (10.0� 0.5)
solid (77) 635


[Pt2(dppy)4(�-Se)2] (2) 300 (20580), 440 (970)[c] solid (298) 695 (2.1� 0.2)
solid (77) 680


[Pt2(tBu-dppy)4(�-S)2] (3) 282 (111360), 488 (7570) solid (298) 640 (4.0� 0.4)
solid (77) 630
glass (77)[d] 610
MeCN (298) 540


[{Pt2(dppy)4(�3-S)2}2Ag3](PF6)3 (4)[b] 262sh (51000), 394sh (2900) solid (298) 560 (� 0.1)
solid (77) 560, 635sh
glass (77)[d] 560, 630sh
MeCN (298) 600 (�0.1)


[{Pt2(dppy)4(�3-Se)2}2Ag3](PF6)3 (5) 294sh (85200), 350sh (15590), 428sh (4300) solid (77) 735
glass (77)[d] 665
MeCN (298) 655


[Pt2(dppy)4(�3-S)2Ag2(dppm)](BF4)2 (6)[b] 262sh (47900), 394sh (1225) solid (298) 630 (1.5� 0.2)
solid (77) 660
glass (77)[d] 630 (51.0� 0.5)


[Pt2(dppy)4(�3-S)2Cu2(dppm)](PF6)2 (7) 262sh (48,090), 402sh (960) solid (77) 695
glass (77)[d] 710 (31.0� 0.5)
MeCN (298) 650


[Pt2(dppy)4(�3-S)2Au2(dppm)](PF6)2 (8) 262sh (47800), 352sh (3,505) glass (77)[d] 660 (30.0� 0.5)
MeCN (298) 570


[Pt2(dppy)4(�3-Se)2Ag2(dppm)](PF6)2 (9) 258sh (79830), 350sh (8200), 430sh (1340) solid (77) 635
glass (77)[d] 650


[Pt2(dppy)4(�3-Se)2Au2(dppm)](PF6)2 (10) 262sh (65270), 350sh (1930) solid (77) 670
glass (77)[d] 645


[a] From Ref. [12]. [b] From Ref. [11]. [c] In THF. [d] EtOH-MeOH, 4:1 v/v.
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[Pt2E2�Ag3] character that mixed with MC [d-s/d-p] states is
suggested.
In the tetranuclear M2E2M�2 series 6 ± 10, a systematic


spectroscopic comparison of the structural variation of M� and
E would provide insights into the origin of the emissive states.
In the series 6 ± 8, the emission energies in 77 K glass are in the
order 7� 8� 6 (Figure 4). The red shift in the emission energy


Figure 4. Emission spectra of complexes 6, 7 and 8 at 77 K EtOH/MeOH
(4:1 v/v) glass.


of 7 relative to 6 may be suggestive of an emitting state
bearing a large LMCT character. Copper(�) sulfido or
dithiolate clusters are known to have a lower energy emission
than their silver(�) counterparts.[23±26] Likewise, the emission
observed in 6 and 7 is dominated by states derived from a
LMCT [E2��Cu/Ag] transition mixed with a LMCT [E2��
Pt] state of the platinum chalcogenido core. An alternative
assignment that is derived from states of a [Pt2(�-
E)2(dppy)4�M] metalloligand-to-metal charge transfer tran-
sition is also possible. This has been further supported by the
observation of a red shift in emission energy of 9 in 77 K glass
relative to that of 6. However, a blue shift in the 77 K solid-
state emission of 9 relative to 6 is found. It is likely that the
origin of the emission is derived from states bearing an
admixture of LMCT and MC character.[23±25]


The anomalous emission energy trends of 8� 6, 10� 9 and
8� 10 in 77 K EtOH/MeOH glass are suggestive of an
emission origin that could not have been derived from a pure
LMCTemissive state. It is likely that short Au ¥¥ ¥ Au distances
may exist in 8 and 10, as is commonly found in polynuclear
gold(�) systems.[27±30] It is also likely that the emissive states of 8
and 10 are derived from a mixed LMCT/d-p character,
whereby the d-p character becomes more prominent in the
gold(�) system as a result of the stronger metal ±metal bonding
interaction of gold relative to copper and silver.[26] An
alternative assignment as a ligand-to-metal ±metal-bond
charge transfer (LMMCT) or a metalloligand-to-metal ±me-
tal-bond charge transfer origin is also likely. Similar
assignments have also been suggested in the dinuclear Au�


thiolate systems[31±37] and the polynuclear gold(�) sulfido
systems,[17±19] in which the emission origin was assigned as
the respective [RS��Au] and [S2��Au] LMCT states,
modified by weak Au ¥¥¥Au interactions, or alternatively, the
LMMCT states.


Experimental Section


Materials and reagents : The ligand bis(diphenylphosphino)methane
(dppm) and [Pt(cod)Cl2] were purchased from Strem Chemicals. 2-(Di-
phenylphosphino)pyridine (dppy),[38, 39] NaSH,[40] Na2Se,[41] [Ag(MeCN)4]-
PF6,[42] [Cu2(dppm)2(MeCN)2](PF6)2,[43] [Ag2(dppm)2(MeCN)2](PF6)2,[44]


[Au2(dppm)2](PF6)2,[45] and [Pt(dppy)2Cl2][46] were synthesized according
to published procedures. 4-tert-Butyl-2-(diphenylphosphino)pyridine and
[Pt(tBu-dppy)2Cl2] were prepared by modification of a method published
for dppy and [Pt(dppy)2Cl2], respectively. The synthesis and character-
ization of complexes 1, 4, and 6 have been reported in previous
communications.[11, 12] All solvents were purified and distilled in a nitrogen
atmosphere by means of standard procedures prior to use. All other
reagents were of analytical grade and were used as received.


Physical measurements and instrumentation : 1H NMR spectra were
recorded on a Bruker DPX300 (300 MHz) FT-NMR spectrometer, with
chemical shifts (�) reported relative to Me4Si. Elemental analyses of all the
newly synthesized metal complexes were performed either at the Butter-
worth Laboratories or on a Carlo Erba1106 elemental analyzer at the
Institute of Chemistry, the Chinese Academy of Sciences in Beijing. All
positive-ion FAB mass spectra were recorded on a FinniganMAT95 mass
spectrometer. All electronic absorption spectra were recorded on a
Hewlett ± Packard 8452A diode array spectrophotometer.


Steady-state emission and excitation spectra recorded at room temperature
and at 77 K were obtained on a Spex Fluorolog-2 Model F111 fluorescence
spectrophotometer with or without corning filters. All solutions for
photophysical studies were prepared in a two-compartment cell consisting
of a 10 cm3 Pyrex bulb equipped with a side-arm and attached to a quartz
cuvette (path length: 1 cm), and sealed from the atmosphere by a Rotaflo
HP6/6 quick-release Teflon stopper. Solutions were degassed under high
vacuum (limiting pressure �10�3 torr) with no less than four successive
freeze-pump-thaw cycles. Solid-state photophysical measurements were
carried out with solid samples loaded in a quartz tube inside a quartz-
walled Dewar flask. Liquid nitrogen was placed into the Dewar flask for
low-temperature (77 K) solid-state and glass photophysical measurements.


Emission lifetime measurements were performed with a conventional laser
system. The excitation source was the 355 nm output (third harmonic) of a
Spectra-Physics Quanta-Ray Q-switched GCR-150 ± 10 pulsed Nd-YAG
laser. Luminescence decay signals were recorded on a Tektronix model
TDS620A digital oscilloscope, and analyzed with a program for exponen-
tial fits.


Synthesis : All reactions were carried out with standard Schlenk techniques
under an inert atmosphere of nitrogen.


[Pt2(dppy)4(�-Se)2] (2): Na2Se (47 mg, 0.379 mmol) was added to a
suspension of [Pt(dppy)2Cl2] (100 mg, 0.126 mmol) in MeCN (10 mL).
The reaction mixture turned yellow and an orange precipitate formed
immediately. The reaction mixture was stirred for an additional 24 h at
room temperature. The resulting solid was filtered and washed successively
with 95% EtOH, absolute EtOH, Me2CO, and Et2O. Analytically pure
samples of 2 were obtained by recrystallization from benzene. Yield: 25 mg
(25%); positive FAB-MS:m/z : 1602 [M�]; elemental analysis calcd (%) for
C68H56N4P4Pt2Se2 ¥ 1.5H2O (1628.2): C 50.19, H 3.65, N 3.44; found: C 50.15;
H 3.48, N 3.25.


[Pt2(tBu-dppy)4(�-S)2] (3): NaSH (19 mg, 0.332 mmol) and NEt3 (46 �L,
0.332 mmol) were added to a suspension of [Pt(tBu-dppy)2Cl2] (100 mg,
0.111 mmol) in MeCN (10 mL). The reaction mixture turned orange
instantly. After stirring at room temperature for 24 h, the resulting solution
was filtered and concentrated under reduced pressure. Addition of
petroleum ether (b.p. 40 ± 60 �C) to the red solution afforded 3 as an air-
stable orange precipitate. Yield: 29 mg (30%); 1H NMR (CD3CN): ��
0.95 ± 1.35 (m, 36H; tBu), 7.10 ± 8.30 (m, 52H; phenyl); positive FAB-MS:
m/z : 1730 [M�]; elemental analysis calcd (%) for C84H88N4P4Pt2S2 ¥ 4.5H2O
(1812.9): C 55.65, H 5.04, N 3.11; found: C 55.66, H 5.36, N 3.09.


[{Pt2(dppy)4(�3-Se)2}2Ag3](PF6)3 (5): [Ag(MeCN)4]PF6 (20 mg,
0.047 mmol) in MeCN (10 mL) was added dropwise to a suspension of 2
(50 mg, 0.031 mmol) in THF (10 mL). The suspension immediately turned
into a clear yellow solution. Stirring was continued for 1 h under N2. The
resulting solution was reduced in volume and subsequent precipitation by
addition of diethyl ether into its concentrated solution gave a yellow solid,
which was then recrystallized from MeCN/Et2O to give 5 as air-stable
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yellow crystals. Yield: 37 mg (30%); 1H NMR (CD3CN): �� 6.85 ± 7.95 (m,
phenyl); positive FAB-MS: m/z : 1176 [M3�� 3PF6]; elemental analysis
calcd (%) for C136H112Ag3F18N8P11Pt4Se4 (3960.8): C 41.24, H 2.85, N 2.83;
found: C, 41.28, H 2.74, N 2.69.


[Pt2(dppy)4(�3-S)2Cu2(dppm)](PF6)2 (7): [Cu2(dppm)2(MeCN)2](PF6)2
(41 mg, 0.033 mmol) inMeCN (10 mL) was added dropwise to a suspension
of 1 (50 mg, 0.033 mmol) in THF (10 mL). The suspension immediately
turned into a clear yellow solution. Stirring was continued for 1 h under N2.
The resulting solution was reduced in volume and subsequent precipitation
by addition of diethyl ether into its concentrated solution gave a yellow
solid. Recrystallization from MeCN/Et2O gave 7 as air-stable yellow
crystals. Yield: 43 mg (60%); 1H NMR (CD3CN): �� 3.6 (m, 2H; CH2 of
dppm), 7.0 ± 8.0 (m, 72H; phenyl of dppm), 8.18 (d, 4H; H ortho to N of
py); positive FAB-MS: m/z : 2163 [M��PF6], 2018 [M�� 2PF6], 1009
[M2�� 2PF6]; elemental analysis calcd (%) for C93H78Cu2F12N4P8Pt2S2 ¥
0.5MeCN (2329.3): C 48.5, H 3.4, N 2.7; found: C 48.9, H 3.3, N 2.5.


[Pt2(dppy)4(�3-S)2Au2(dppm)](PF6)2 (8): The procedure used was similar
to that described for the preparation of complex 7 except that
[Au2(dppm)2](PF6)2 (48 mg, 0.033 mmol) was used in place of
[Cu2(dppm)2(MeCN)2](PF6)2. Recrystallization from MeCN/Et2O gave 8
as air-stable yellow crystals. Yield: 51 mg (60%); 1H NMR (CD3CN): ��
4.0 (m, 2H; CH2 of dppm), 7.0 ± 8.0 (m, 72H; phenyl of dppm), 8.4 (d, 4H;
H ortho to N of py); positive FAB-MS: m/z : 2431 [M��PF6], 2284 [M��
2PF6], 1142 [M2�� 2PF6]; elemental analysis calcd (%) for
C93H78Au2F12N4P8Pt2S2 (2575.6): C 43.4, H 3.1, N 2.2; found: C 43.5, H
3.0, N 2.1.


[Pt2(dppy)4(�3-Se)2Ag2(dppm)](PF6)2 (9): The procedure used was similar
to that described for the preparation of complex 7 except that 2 (50 mg,
0.031 mmol) and [Ag2(dppm)2(MeCN)2](PF6)2 (42 mg, 0.031 mmol) were
used in place of 1 and [Cu2(dppm)2(MeCN)2](PF6)2, respectively. Recrys-
tallization from MeCN/Et2O gave 9 as air-stable yellow crystals. Yield:
19 mg (25%); 1H NMR (CD3CN): �� 3.65 (m, 2H; CH2 of dppm), 6.85 ±
8.00 (m, 72H; phenyl), 8.20 (d, 4H; H ortho to N of py); positive FAB-MS:
m/z : 1101 [M2�� 2PF6]; elemental analysis calcd (%) for
C93H78Ag2F12N4P8Pt2Se2 (2491.2): C 44.84, H 3.16, N 2.25; found: C 44.89,
H 2.99, N 2.10.


[Pt2(dppy)4(�3-Se)2Au2(dppm)](PF6)2 (10): The procedure used was similar
to that described for the preparation of complex 7 except that 2 (50 mg,
0.031 mmol) and [Au2(dppm)2](PF6)2 (45 mg, 0.031 mmol) were used
instead of 1 and [Cu2(dppm)2(MeCN)2](PF6)2, respectively. Recrystalliza-
tion from MeCN/diethyl ether gave 10 as air-stable yellow crystals. Yield:
25 mg (30%); 1H NMR (CD3CN): �� 3.75 (m, 2H; CH2 of dppm), 6.90 ±
7.85 (m, 72H; phenyl), 8.20 (d, 4H; H ortho to N of py); positive FAB-MS:
m/z : 2380 [M�� 2PF6], 1190 [M2�� 2PF6]; elemental analysis calcd (%)
for C93H78Au2F12N4P8Pt2Se2 ¥ 2H2O (2705.5): C 41.29, H 3.05, N 2.07; found:
C 41.12, H 2.86, N 1.77.


Crystal structure determination : Brown crystals of 5 were obtained by
recrystallization from MeCN/Et2O. A brown crystal of dimensions 0.35�
0.20� 0.15 mm mounted on a glass fiber was used for data collection at
28 �C on a MAR diffractometer that employed graphite-monochromatic
MoK� radiation (�� 0.71073 ä) and which was equipped with a 300 mm
image plate detector. The images were interpreted and intensities
integrated with the program DENZO.[47] The space group was determined
on the basis of a statistical analysis of the intensity distribution and the
successful refinement of the structure solved by direct methods (SIR92[48])
and expanded by Fourier method and refinement by full-matrix least-
squares with the software package TeXsan[49] on a Silicon Graphics Indy
computer. One crystallographic asymmetric unit consisted of one asym-
metric unit, that is, the complex cation, 3PF6


�, and 5MeCN solvent
molecules. In the least-square refinement, 22 Pt, Ag, Se, and P atoms were
refined anisotropically, 177 F, N, and C atoms were refined isotropically and
100 H atoms at calculated positions with thermal parameters equal to
1.3 times that of the attached C atoms were not refined. 12 H atoms of the
complex cation and 15 H of the solvent molecules were not included in the
calculations. Data: formula: C136H112N8P8Se4Ag3Pt4 ¥ 3PF6 ¥ 5CH3CN; Mr�
4164.17; crystal system: triclinic, space group: P1≈, a� 19.437(3), b�
19.828(3), c� 22.161(3) ä, �� 73.90(2), �� 84.35(2), �� 71.43(2)�, V�
7778(2) ä3, Z� 2; F(000)� 4016, 	calcd� 1.778 gcm�3, �� 50.6 cm�1;
2
max� 51.3� ; index range: 0�h� 23, �22�k� 24, �26� l� 26. Data
collection mode 2o oscillation (100 images), 120 mm distance, 700 s


exposure; no. of data collected�80413, no. of unique data�27042 (Rint


0.054), no. of data used in refinement (m)�20277 (Fo � 3�(Fo)), no. of
parameters refined (p)�909; R(Fo)�0.053, wR(Fo)�0.079, S�2.11 with
R�� 	 	Fo 	� 	Fc 	 	/� 	Fo 	 ; Rw� [w(	Fo 	� 	Fc 	 )2/�w 	Fo 	 2]1/2 with w�4F 2


o /
[�2(F 2


o 
� (0.024F 2
o
2]; S� [�w(	Fo 	� 	Fc 	 )2/(m�p)]1/2. (�/�)max�0.05, ex-


cept for atoms of the solvent molecules. The final difference Fourier map
was featureless, with maximum positive and negative peaks of 1.42 and
1.73 eä�3 respectively. CCDC-187036 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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Chemically Modified ™Polar Patch∫ Mutants of Subtilisin in Peptide
Synthesis with Remarkably Broad Substrate Acceptance:
Designing Combinatorial Biocatalysts


Kazutsugu Matsumoto,[b] Benjamin G. Davis,*[a] and J. Bryan Jones[c]


Abstract: A significant enhancement
of the applicability of the serine pro-
tease subtilisin Bacillus lentus (SBL) in
peptide synthesis was achieved by using
the strategy of combined site-directed
mutagenesis and chemical modification
to create chemically modified mutant
(CMM) enzymes. The introduction of
polar and/or homochiral auxiliary sub-
stituents, such as X� oxazolidinones,
alkylammonium groups, and carbohy-
drates at position 166 at the base of the
primary specificity S1 pocket created
SBL CMMs S166C-S-X with strikingly
broad structural substrate specificities.


These CMMs are capable of catalyzing
the coupling reactions of not only �-
amino acid esters but also �-amino acid
esters as acyl donors with glycinamide to
give the corresponding dipeptides in
good yields. These powerful enzymes
are also applicable to the coupling of �-
amino acid acyl donors with �-branched
acyl acceptor, �-alaninamide. Typical
increases in isolated yields of dipeptides


of 60 ± 80 % over SBL-WT (e.g. 0 %
yield of Z-�-Glu-GlyNH2 using SBL-
WT� 74 % using S166C-S-(CH2)2


NMe3
�) demonstrate the remarkable


synthetic utility of this ™polar patch∫
strategy. Such wide-ranging systems dis-
playing broadened and therefore simi-
larly high, balanced yields of products
(e.g. 91 % Z-�-Ala-GlyNH2 and 86 %
yield of Z-�-Ala-GlyNH2 using S166C-
S-(3R,4S)-indenooxazolidinone) may
now allow the use of biocatalysts in
parallel library synthesis.


Keywords: biotransformations ¥
enantioselectivity ¥ hydrolases ¥
mutagenesis ¥ protein modifications


Introduction


Enzymatic peptide coupling is an attractive method for the
preparation of a variety of peptides because this method
requires minimal protection of the substrate, proceeds under
mild conditions and without racemization.[1] In spite of these
advantages, two major problems can limit the use of serine
proteases in peptide synthesis. One is their efficient proteo-
lytic (amidase) activity which causes hydrolysis of the coupled
peptide product, and the other is their stringent structural and
stereospecificity which typically confines their use in synthesis
to a limited range of �-amino acid substrates (Scheme 1).


R1 OR


O


R1 OH


O


EnzHO Ser


EnzO SerR1


O


R1 NHR2


O


H2O


R2NH2


Scheme 1.


Since the nature of the amino acids or peptides to be
coupled may be determined in synthesis simply through
appropriate choice of donor and acceptor, it is largely the
efficiency, mildness and environmentally benign nature of a
given biocatalyst that the chemist wishes to exploit. In
essence, it would be highly advantageous to discard the
substrate specificity while retaining the reactivity benefits
listed above. An area of growing interest is that of combina-
torial biocatalysis:[2, 3] the use of enzyme catalysts in parallel
reactions to provide arrays of related molecules. However,
although combinatorial chemistry has revolutionised the
approach to traditional chemical synthesis, the development
of combinatorial biocatalysis has been hampered by the often-
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stringent substrate specificities of synthetically useful en-
zymes. As a solution to these problems we have set ourselves
the goal of creating biocatalysts with the ability to process a
broad range of substrates through the engineering of new
broad substrate specificities, while maintaining catalytic
efficiency and thereby expanding synthetic utility.


Recently, the combination of site-directed mutagenesis and
chemical modification has been recognized as a powerful
technique for the efficient and rapid creation of new active-
site environments in enzymes.[4] We have previously exploited
this method to improve enzyme activity and alter substrate
specificity of the subtilisin from Bacillus lentus (SBL, EC
3.4.21.62 formerly EC 3.4.21.14).[5, 6] Herein, we present a
significant enhancement of the applicability of chemically
modified mutants of SBL (CMMs) as catalysts for peptide
couplings that can incorporate �-amino acid esters as acyl
donors and an �-branched amino acid amide as an acyl
acceptor, neither of which is possible with SBL-wild type
(WT). This has allowed the use of these novel biocatalysts in
parallel reaction arrays.


Results and Discussion


Strategies for enhancing synthetic utility and broadening
specificity : Several strategies have been employed in an
attempt to overcome specificity restrictions. As alternative
catalysts with typically broader specificities, lipases have been
employed but their lower activities in aqueous solvents,
negates a broader substrate specificity with a disadvantageous
solvent specificity.[7] Alternatively, elegant substrate engineer-
ing or mimcry[8±12] has been employed but by definition
requires the synthesis of specifically designed substrates that
typically are not readily available. Impressive protein engi-
neering methods, such as site directed mutagenesis[13, 14] or
forced evolution[15±17] have also successfully altered the
specificities of proteases for use in synthesis. However, these
methods do not routinely allow the creation of large numbers
of catalysts in sufficient quantities for synthesis.


To overcome these problems, biocatalysts with broad
specificities for peptide synthesis that are readily created,
that may be used in simple solvent systems and that employ
standard readily available substrates are required. Using the
serine protease subtilisin Bacillus lentus (SBL), we chose a
combined site-directed mutagenesis and chemical modifica-
tion approach. This strategy involves the introduction of a
cysteine residue at a key active-site position through site-
directed mutagenesis and the reaction of its thiol side chain
with highly chemoselective methanethiosulfonate (MTS)
reagents[18] to produce chemically modified mutant (CMM)
enzymes (Scheme 2). Since wild-type (WT) SBL contains no
natural cysteines the site of modification corresponds only to
the site of mutagenesis. The ease of this method is such that
large arrays of different CMM biocatalysts can be created and
screened in a short space of time.[19]


Using this technique polar groups intended to influence the
specificity of SBL were selected and introduced to position
166[20] at the base of the primary specificity determining S1


[21]


pocket (Figure 1) to create S166C-CMMs.[22] These were
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Scheme 2.


systematically surveyed for their synthetic utility in represen-
tative and challenging peptide ligation reactions. Key amongst
these were reactions that SBL-WT cannot perform, for
example, ligations of �-amino acids as acyl donors and
ligations of �-branched amino acid �-alanine.


Primarily, groups were chosen that might reasonably be
expected to influence the stereochemical P1 specificity of such
ligations. Carbohydrates[23] and oxazolidinones[24] are used
widely as effective chiral auxiliaries and we wished to probe
the effect of introducing the homochiral groups a ± h into the
primary binding region of an existing chiral enzyme active site
environment as a tactic for broadening the stereochemical
tolerance of substrate specificity. We envisaged that this might
increase the potential for stereochemical mismatching[25] with
a given chiral substrate thereby reducing the difference in
energy between the diastereomeric transition states for
preferred (e.g., �-amino acids) and non-preferred (e.g., �-
amino acids) substrates. Furthermore, we envisaged that the
use of such polar groups, all of which increase the number of
potential hydrogen bond donors and acceptors at position 166
within the typically hydrophobic S1 pocket, would also
dramatically affect the hydrophobic vs hydrophilic specificity
profile.


The construction of CMMs bearing carbohydrates (glyco-
CMMs) as chiral auxiliaries in their binding pockets, S166C-S-
a-d : We selected and constructed a range of glycosylated SBL
serine proteases (glyco-CMMs) in which representative
carbohydrates a ± d (see Scheme 2) were attached to the
interior of the primary S1 binding pocket by selective
glycosylation at position 166. Residue S166 was selected for
mutagenesis and modification because it is located at the
bottom of the S1 pocket which modulates P1 substrate
specificity (Figure 1) and is therefore the pocket that deter-
mines acyl donor selectivity in amino acid ester peptide







Polar Patch Mutants 4129 ± 4137


Chem. Eur. J. 2002, 8, No. 18 ¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0818-4131 $ 20.00+.50/0 4131


ligations. Initial aspects of this work have been described in a
previous communication.[26]


In short, carbohydrate methanethiosulfonates were synthe-
sized[27] from the parent carbohydrates �-glucose (Glc) and �-
galactose (Gal) and used to chemoselectively modify[28] the
thiol side chain in the position 166 Ser�Cys mutant SBL-
S166C (Scheme 2). In all cases these modification reactions in
aqueous buffer were rapid and quantitative, as judged by
monitoring of changes in specific activity and by titration of
free thiols with Ellman×s reagent.[29] The glyco-CMMs were
purified by size-exclusion chromatography and dialysis, and
their structures were confirmed by rigorous TOF-ES-MS
analyses (�4 Da). These CMMs each appeared as a single
band on non-denaturing gradient PAGE, thereby establishing
their high purities. The active enzyme concentration of the
resulting CMM solutions (typically 5 mgmL�1) was deter-
mined by active site titration with �-toluenesulfonyl fluoride
(PMSF) using a fluoride ion-sensitive electrode.[30] These
revealed typical protein yields of �80 %. Modification with
the fully deprotected galactose reagent 1d led to site-specific
glycosylation at position 166 and the formation of a single
glycoform: S166C-S-d. Furthermore, modification with acetyl
protected glyco-MTS reagents gave products with control-
lable levels of acetylation. Through careful adjustment of pH
and appropriate selection of the glycosylation site, we were
able to prepare the partially acetylated glycoforms of SBL:
S166C-S-a-c. The effects of these modifications upon SBL
were assessed by the determination of kcat/KM for the
hydrolysis at pH 8.6 of the amide substrate succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide (Suc-AAPF-pNA), as a measure


of amidase activity[28] A� (kcat/KM)amidase and the ester sub-
strate succinyl-Ala-Ala-Pro-Phe-S-benzyl (Suc-AAPF-SBn),
as a measure of esterase activity[31] �� (kcat/KM)esterase. These
kinetic parameters are compared with those of SBL-WT in
Table 1. Gratifyingly, in all cases glycosylation resulted in
enhanced E/A values relative to unglycosylated SBL-WT
(Table 1). By virtue of their higher esterase and lower amidase
activities (E/A� 38 ± 75) as compared to the values for SBL-
WT (E/A� 17), such glyco-CMMs S166C-S-a-d are excellent
candidates for efficient amide bond formation as they possess
enhanced acylating properties and yet substantially reduced
hydrolytic activity towards the peptide products of coupling.
It should also be noted that such was the convenience of this
method that these CMMs were prepared on up to a gram
scale.


Use of carbohydrate-modified CMMs in peptide ligations :
Firstly, we probed the structural breadth of the P1 specificity
of S166C-S-a ± d by examining the ligations of �-amino acids,
Z-�-PheOBn (2), Z-�-AlaOBn (3), and Z-�-GluOMe (4) as
acyl donors, with glycinamide (8) as an acyl acceptor
(Table 2). These reactions were carried out by using
0.5 mg[32] of an active enzyme in a simple 1:1 water:DMF
solution system. In all cases, the reactions proceeded smoothly
to afford the corresponding dipeptides 10 ± 12 in good yields
and were complete within 5 h or less. In accord with our goals
of not reducing the inherent substrate breadth of SBL, these
results indicated that the introduction of groups a ± d did not
affect the essential ability of SBL to accept �-amino acids as
acyl acceptors in peptide coupling. Good yields of Z-�-Phe-


Table 1. Kinetic parameters of WT and CMMs of SBL.


Enzyme
Kinetic parameter SBL-WT S166C-S-a -b -c -d -e -f -g -h -i -j -k -l


(kcat/KM)esterase�E[a] [s�1m��1] 3593 5058 4264 6033 3241 1495 3277 1488 4556 4898 2400 1800 4900
(kcat/KM)amidase �A[b] [s�1m��1] 209 109 112 81 58 22 52 20 47 75 23 8 14
E/A 17 46 38 75 56 68 63 74 97 65 104 225 350


[a] Kinetic constants determined in duplicate using the low substrate concentration approximation in 0.1� Tris buffer, pH 8.6, 0.005 % Tween 80, 1 % DMSO
with suc-AAPF-SBn as substrate. [b] Michaelis ± Menten constants were measured at 25 �C according to the initial rates method in 0.1� Tris-HCl buffer at
pH 8.6, 0.005 % Tween 80, 1 % DMSO, suc-AAPF-pNA as the substrate.


Ser166


S1


S1'


Figure 1. Stereoview of the active site region of SBL-WT [RCSB 1jea] indicating the location of the S166 residue (orange) at the base of the S1 primary
specificity determining pocket. The binding mode of substrates is illustrated by the substrate mimic AAPF (magenta).
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Gly-NH2 (10, 91 ± 95 %), Z-�-Ala-Gly-NH2 (11, 77 ± 92 %),


Z-�-Glu-Gly-NH2 (12, 54 ± 67 %) compared well, and in some
cases were superior to, those for SBL-WT (92, 91, 62 % for 10,
11, 12, respectively).


Our next goal was to investigate any secondary effects of
these modifications in the S1 pocket upon the P1� specificity
that is controlled by the neighbouring S1� acyl acceptor pocket.
For this purpose, we used the �-branched �-alaninamide (9) as
a challenging acyl acceptor probe. Remarkably, in spite of the
usually small S1� pocket (Figure 1) all of the CMMs S166C-S-
a ±d were catalysts for the coupling of �-amino acids 1 ± 3 with
�-branched acyl acceptor, �-alaninamide (9). The strict
specificity of the SBL-WT enzyme is demonstrated by its
ability to catalyze the coupling of 9 as an acyl acceptor with
only preferred acyl donor 2. However, glyco-CMMs S166C-S-
a ±d not only catalyzed the coupling of 9 with 2 to afford
slightly reduced yields of Z-�-Phe-�-AlaNH2 (13), but also
with 3 and 4 to afford the corresponding dipeptides Z-�-Ala-
�-AlaNH2 (14), and Z-�-Glu-�-AlaNH2 (15), respectively, in
greatly enhanced yields. In the synthesis of 14, lower absolute
yields than for 13 and 15 were observed (the highest yield of
22 % was obtained by using S166C-S-c). However, even this,
in comparison with the absence of coupling observed for SBL-
WT, represents an immeasurable relative enhancement of S1�
specificity. Excitingly, the yields of the coupling of 4 with 9 to
give 15 were as good as those obtained using unhindered 8 as
an acyl acceptor (48 ± 55 %), and here the use of S166C-S-d
gave the best result (55 %).


Finally, we focused on the extension of the use of these
powerful glyco-CMMs S166C-S-a ± d to the coupling of
�-amino acids as acyl donors by using Z-�-PheOBn (5),
Z-�-AlaOBn(6), and Z-�-GluOBn (7) with acyl acceptor 8.
The enzyme-catalyzed coupling of �-amino acids at the
N-terminus of oligopeptide products by using �-amino acid
acyl donors has been achieved only rarely and typically with
low efficiencies.[33, 34] For example, to the best of knowledge,
yields above 10 % for the coupling of �-Glu have never been


successfully achieved.[35] Typical difficulties encountered with
the use of unmodified �-amino acid specific amidases with
standard substrates are highlighted by examples where even
with a 40-fold excess of acyl acceptor only 31 % yields of �-
Ala coupling were observed.[36] One notable exception has
been the impressive use by Bordusa and co-workers of
substrate mimicry.[37] Even specifically isolated �-amino acid
specific amidases do not allow the ready use of �-amino acid
donors to form dipeptides in synthesis.[38±41] Consistent with
these difficulties, SBL-WT did not accept �-amino acids as
acyl donors and starting materials 5 ± 7 were recovered.


Excitingly, all of S166C-S-a ± d were catalysts for the
synthesis of 16 ± 18. Although, the reactions of 5 in all cases
were slow to give Z-�-PheGlyNH2 (15) in low yield (the best
was 8 % by using S166C-S-b,d). Starting material 5 was
recovered in all cases indicating that this is due to a low rate of
conversion and not competitive hydrolysis. Peptide couplings
of 6 and 7 with 8 proceeded more rapidly and no starting
materials remained. Clearly, the yields of products are
dramatically improved compared with SBL-WT. In particular,
good yields of 18 (62 ± 64 %) using S166C-S-a ± d for coupling
of ��Glu are in some cases superior to those found for
coupling of �-Glu, with the same catalysts. High yields were
also observed for the synthesis of �-Ala containing substrates;
for example, S166C-S-a gave Z-�-AlaGlyNH2 (17) in 80 %
yield.


The construction of CMMs bearing oxazolidinones as chiral
auxiliaries in their binding pockets, S166C-S-e ± h : In the light
of these early exciting indications obtained through the
introduction of homochiral substituents to the S1 binding
pocket of SBL, we wished to probe the nature of this useful
broadening in stereoselectivity. Interestingly, both the intro-
duction of group b and its C-4 epimer substituent c had
similarly allowed broadening but in some cases to quite
different extents e.g. 92 % and 77 % yield of 11 from S166C-S-
c and -b, respectively. However, to establish the significance of


Table 2. Peptide coupling catalyzed by WT and CMMs of SBL.[a]
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R''


NH2
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ZHN
N
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O R''


O


S S R


+


DMF : H2O, 1:12-7 8,9 10-18


S166C


R = a-l


Isolated yield [%] with
Acyl donor Acyl acceptor Product Time [h] SBL-WT S166C-S-a -b -c -d -e -f -g -h -i -j -k -l


Z-�-PheOBn (2) GlyNH2 ¥ HCl (8) Z-�-PheGlyNH2 (10) 1 92 95 93 91 95 86 88 82 100 92 74 75 92
Z-�-AlaOBn (3) 8 Z-�-AlaGlyNH2 (11) 5 91 85 77 92 83 87 88 91 95 82 99 91 88
Z-�-GluOMe (4) 8 Z-�-GluGlyNH2 (12) 5 62 58 65 54 67 60 54 68 56 67 63 71 64
2 �-AlaNH2 ¥ HCl (9) Z-�-Phe-�-AlaNH2 (13) 24[b] 57 28 34 31 32 31 30 33 37 50 44 36 42
3 9 Z-�-Ala-�-AlaNH2 (14) 24[b] 0 15 16 22 11 12 19 21 20 10 14 11 0
4 9 Z-�-Glu-�-AlaNH2 (15) 24[b] 0 48 50 51 55 60 59 61 59 64 58 60 0
Z-�-PheOBn (5) 8 Z-�-PheGlyNH2 (16) 48[c] 0 6 8 7 8 8 12 7 14 9 4 4 5
Z-�-AlaOBn (6) 8 Z-�-AlaGlyNH2 (17) 48[c] 0 80 77 72 70 88 80 88 80 61 79 73 38
Z-�-GluOBn (7) 8 Z-�-GluGlyNH2 (18) 48[c] 0 63 62 64 64 62 60 62 52 64 74 64 8


[a] Reactions were performed in DMF/water (1/1, v/v) at a concentration of 0.1� acyl donor, 0.3 � acyl acceptor, and 0.3 � Et3N in the presence of 1 mg mL�1 of
active enzyme at room temperature unless otherwise noted. Under the same conditions, spontaneous hydrolysis or aminolysis did not occur. [b] In these cases,
0.2 � of 9 and 0.2 � of Et3N were used. [c] After 24 h, 1 mg mL�1 of active enzyme was added and the mixture was stirred for another 24 h.
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these differences and to thoroughly investigate the possibility
of mismatched pairing within the transitions states of these
peptide ligation reactions we chose to introduce enantiomeric
substituents to position 166. �-galactose and �-glucose, which
would be required for the synthesis of the enantiomers of 1a ±
d, are not readily available chirons and we chose instead to
create two enantiomeric pairs of substituents based on the
well-established oxazolidinone auxiliaries.[24, 42] S166C was
modified with 1e ± h[42] to create the diastereomeric oxazoli-
dinonyl-CMMs S166C-e ± h in essentially an analogous man-
ner to that used for the construction of glyco-CMMs S166C-
a ±d.


Again we were delighted to observe that all oxazolidinonyl-
CMMs S166C-e ± h displayed enhanced esterase to amidase
activity ratios (�/A� 63 ± 97) over SBL-WT (Table 1). Excit-
ingly, striking differences in rates were observed for CMMs
modified with oxazolidinones of opposite absolute configu-
ration (S166C-S-e cf. -f and S166C-S-g cf. -h) in the hydrolysis
of chiral substrates suc-AAPF-pNA and suc-AAPF-SBn and
this indicated the possibility of pair mismatching with �-Phe-
containing substrates.[42] For example, (kcat/KM)esterase of S166C-
S-g bearing the R,S-indenooxazolidinonyl side chain -g at
position 166 is three-fold greater than that of S166C-S-h
bearing the S,R-indenooxazolidinonyl side chain -h.


Use of oxazolidinone-modified CMMs in peptide ligations :
As for S166C-a ± d, we initially probed the P1 specificity of
S166C-S-e ± h by examining the ligation of �-amino acids, Z-�-
PheOBn (2), Z-�-AlaOBn (3), and Z-�-GluOMe (4) as acyl
acceptors, with glycinamide (8) as an acyl acceptor (Table 2).
Again, as for S166C-a ±d, useful to excellent yields of 10 (82 ±
100 %), 11 (87 ± 95 %) and 12 (54 ± 68 %) were obtained.
Similarly, better catalysts than SBL-WT were obtained for
each ligation; for example, S166C-S-h for 10 and 11, S166C-S-
h for 12. Notably, the markedly different (kcat/KM)esterase values
of S166C-S-g and -h with substrates containing �-Phe as the P1


substituent (see above, Table 1), were partially reflected in the
yields of Z-�-PheGly-NH2 (10) obtained from their use as
ligation catalysts: 82 % using S166C-S-g yet 100 % from
S166C-S-h under identical conditions. Moreover, converse
yield differences were observed with these same two catalysts
in the synthesis of Z-�-GluGly-NH2 (12) with a S166C-S-g-
catalyzed reaction yield of 68 % being superior in that
reaction by 12 % to that in the S166C-S-h-catalyzed reaction.


In contrast, little yield difference was observed in the
secondary effects of the enantiomeric side chains e versus f
and g versus h in the S1 pocket upon P1� specificity in ligations
of �-alaninamide (8). However, despite this lack of variation
the enhanced utility of oxazolidinonyl-CMMs S166C-S-e ± h
over SBL-WTwas still demonstrated by the ability of them all
to synthesize C-terminal �-alaninyl dipeptides 13 and 14 and
15 in yields of up to 37, 21 and 61 %, respectively.


Oxazolidinonyl-CMMs S166C-S-e ± h proved to be amongst
the most effective �-amino acid-ligating CMM catalysts. For
example, the use of S166C-S-h in the synthesis of 16 increased
the yield by two-fold over glyco-CMMs S166C-a ± d to 14 %;
again this is an immeasurable enhancement over the inability
of SBL-WT to catalyse this reaction. Similarly, S166C-e and -g
both catalyzed the synthesis of Z-�-AlaGly-NH2 (17) in very


good yields of 88 %, and are very close to the best reported
yields for any enzyme catalyzed C-terminal �-amino acid
ligation.[37] Again, it should be noted that all of S166C-S-e ± h
were able to catalyse the syntheses of 16 ± 18, whereas SBL-
WT cannot. As for the ligations of �-amino acids with 8, these
ligations of �-amino acids with 8 showed some variations
according to the configuration of the oxazolidinonyl substitu-
ent. For example, S166C-S-h bearing the S,R-indenooxazoli-
dinonyl side chain at position 166 gave a two-fold higher yield
(14 %) than S166C-S-g bearing the R,S-indenooxazolidinonyl
side chain -g (7 % yield). Although in some cases these
variations were only slight, the unambiguous nature of the
installation of such enantiomeric side chains allows compar-
ison with a high degree of precision.


The construction of CMMs bearing achiral groups in their
binding pockets, S166C-S-i ± l : Although such noticeable
variations according to configuration were observed in the
yields obtained with CMMs bearing different homochiral side
chains at position 166, it was clear that such diastereomeric
effects could not alone account for the very substantial
broadening in the stereospecificity of S166C-S-a ±h as illus-
trated by increases in yield as large as 88 % over SBL-WT
(e.g., an increase of 0 %� 88 % yield of Z-�-AlaGlyNH2 (17)
by changing the catalyst from SBL-WT � S166C-S-g). In
order to dissect the origin of the observed enhancements in
synthetic utility, four further achiral side chains were intro-
duced at position 166 to create CMMs S166-S-i ± l (Scheme 2).


Firstly, S166C-S-i, containing an unsubstituted oxazolidi-
nonyl framework at position 166 was constructed. In addition,
S166C-S-j,k bearing simple, highly polar side chain function-
alities: singly charged -SCH2CH2NMe3


� and triply charged
-SCH2C(CH2NH3


�)3, respectively were constructed[5h] to
examine the effect of simply introducing different levels of
charge into the S1 pocket. Finally, non-polar neohexyl side
chain -SCH2CH2CMe3 (-l), which is near isosteric to side chain
-j, was introduced to create S166C-S-l and so provide a rough
estimate of the effect of polarity in S166C-S-j when corrected
for underlying steric and hydrophobic effects. Again en-
hanced E/A values over SBL-WT were observed for all of
S166C-S-i-l (Table 1).


Use of CMMs modified with polar achiral groups in peptide
ligations : Although, the use of CMM S166C-S-i, bearing an
achiral oxazolidinonyl side chain at position 166, as a catalyst
resulted in slight reductions in yield as compared with those
with a chiral oxazolidinonyl side chain CMMs S166C-S-e ± h
for some syntheses (11, 14, 17; for example by 19 ± 27 % for
17), the majority of yields were either similar (10, 12, 16, 18) or
indeed improved (13, 15). Thus, it seems that although
diastereomeric effects may be observed in certain selected
examples, the major role of side chains a ± i in greatly
broadening the specificity of SBL is through polarity effects.


Consistent with this observation, S166C-S-j,k were able to
catalyze ligations with a similarly broadened specificity. Some
small but significant differences in yield were observed for
S166C-S(CH2)2NMe3


� (-j) and S166C-SCH2C(CH2NH3
�)3


(-k). For example, with S166C-S-j,k as catalysts, hydrophobic
P1 substrate 2 gave distinctly lower yields (by 17 ± 18 %) of 10
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as compared with SBL-WT. In
contrast, catalysis by S166C-S-k,
which is modified with a triple
positive charge at the base of
the S1 pocket, gave the highest
yield in the coupling of 4, which
bears a negatively charged P1


glutamate side chain, to give
12 in 71 % yield. These oppos-
ing effects suggest the creation
of a more highly charged S1


pocket environment that disfa-
vours the binding of the non-
polar benzyl side chain of 2 and
favours, perhaps through com-
plementary electrostatic inter-
actions, the binding of 4 ; an
effect that mirrors those found
in some kinetic analyses.[5f,i]


Generally, however the in-
crease in charge at position
166 from �1 to �3 had little
effect on yield (Table 2) and
this discounts a purely electro-
static mechanism.


The need for polar side
chains at position 166 to create
the most effectively broadened
catalysts was further confirmed
by the use of S166C-S-l bearing
a non-polar yet similarly bulky
position 166 side chain. Al-
though able to catalyse the syn-
thesis of 10 ± 13 in yields ap-
proaching those of polar CMMs
S166C-S-a ± k, yields for the more challenging syntheses of
14 ± 18 were either zero or substantially inferior. In displaying
this lack of breadth, S166C-S-l with its less polar S1 pocket
behaves more like SBL-WT than broad-specificity polar
CMMs S166C-S-a ± k.


The use of CMMs in trial library syntheses : Valuably, the
greatly broadened specificity of these CMMs and therefore
their potential as combinatorial biocatalysts[2, 3] was demon-
strated by the parallel synthesis of dipeptides of �-Phe, �-Ala,
�-Glu, �-Ala and �-Glu to form a small array (Scheme 3).
CMMs S166C-g,j,k were selected on the basis of their success
in individual ligations. These were compared with SBL-WT as
a reference unbroadened catalyst.


Thus, each of the four catalysts, S166C-g,j,k and SBL-WT,
under identical conditions (1:1 DMF:water, 48 h) were used
to transform the following reaction pairs: 2� 8, 3� 8, 4� 8,
6� 8, 7� 8, 4� 9 to create a small 24-member array of
dipeptides 10, 11, 12, 15, 17 and 18.


Examination of Scheme 3 highlights that SBL-WT (Row 4,
Catalyst Array) is clearly incapable of creating libraries of
dipeptides in this way. We were therefore delighted to find
that all three CMMs S166C-g,j,k yielded their dipeptide
products in �70 % yield (71 ± 99 %), as judged by multiwell


LC-ESMS analysis. This balanced, high yield of each of 10, 11,
12, 15, 17 and 18 mirrors, and in some cases exceeds, the
results obtained in our initial evaluations of synthetic utility.


Conclusion


On the basis of positive indications in screens of enzyme
activity and specificity and through evaluation in preparative-
scale peptide ligations, we have shown that the introduction of
polar substituents (a ™polar patch∫) to the S1 pocket, such as
carbohydrates (a ± d), oxazolidinones (e ± i) and alkylammo-
nium groups bearing up to three positive charges (j, k) creates
beneficial electrostatic and/or hydrogen bonding interactions
to greatly broaden the synthetic substrate specificity of serine
protease SBL.


Dramatically all of the CMMs S166C-S-a ± k were able to
catalyze the coupling of all of the �-amino acid donors 5 ± 7
with acyl acceptor 8 ; reactions that SBL-WT cannot perform.
Indeed in some cases the natural �- over �-preference is
reversed, for example, based on yield, S166C-S-j showed a
1.2:1 stereochemical preference for �-glutamate 7 over �-
glutamate 4. In 1997 the bold statement was made that ™the
efficiency of �-peptide formation cannot exceed that of �-


Scheme 3.







Polar Patch Mutants 4129 ± 4137


Chem. Eur. J. 2002, 8, No. 18 ¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0818-4135 $ 20.00+.50/0 4135


peptide formation∫[40] for �-amino acid specific peptidases–
these results show that this is no longer true. The yields
obtained here are vastly superior to any other �-amino acid
ligations from our laboratories and to the best of our
knowledge the yields of 17 and 18 described here are the
best yet obtained in enzyme-catalyzed peptide ligations of �-
Glu acyl donors and very close to the best[37] for �-Ala acyl
donors, including those catalyzed by �-amino acid specific
enzymes.[38±40]


Remote effects of these position 166 S1 modifications upon
the neighbouring S1� pocket were also observed. These
allowed the syntheses of C-terminal �-alaninyl dipeptides 14
and 15 that again are not synthesized by SBL-WT. Interest-
ingly, however, all CMMs S166C-S-a ± l gave lower yields of 13
than SBL-WT. This intriguing single exception to the en-
hancement of synthetic utility though the ™polar patch∫ CMM
approach may be due to an indirect reduction in the volume of
the already small S1� pocket. From inspection of Figure 1 it can
be seen that residues 154 ± 156 in the wall of the S1 pocket
encroach on the wall of the S1� pocket. Any bulging or
distortion in this wall might therefore restrict the S1� pocket.
This is consistent with the observed drop in yield of 13
(Table 2) as the size of the position 166 side chain increases:
-CH2OH (57 %) � -CH2S-i,j,l (42 ± 50 %)� -CH2S-a ± h,k
(28 ± 37 %).


We have also established that a CMM bearing a non-polar
modification, that is, S166C-S-l, at position 166 is far less
successful in these ligations. We therefore speculate that
™polar patch∫ modifications alter the nature of the specificity
of the S1 pocket or even disrupt its role by exposing it to
solvent: perhaps effectively turning the 152-167 loop of SBL
that forms the base of the S1 pocket inside-out or at least
imparting additional flexibility.[43] This is consistent with
previous observations by Dordick and co-workers that a
polar mutation at position 166 (G166N) in the closely related
enzyme subtilisin BPN� significantly enhanced activity
through transition state stabilisation, particularly with polar
P1 substrates.[44] Perhaps as a consequence, this increased
binding pocket flexibility broadens the range of side chains
that SBL can accommodate in this pocket.


Other factors cannot be excluded. For example, comple-
mentary electrostatic interactions between the side chain
carboxylate of substrate suc-AAPEpNA and a CMM S166C-
S-(CH2)2NH3


� resulted in an 19-fold increase in kcat/KM over
SBL-WT[5f] and hydrogen bonding interactions between
substrate and the �-glucosyl residue of a CMM L217C-S-
Glc(Ac)3 resulted in an 8.4-fold increase in esterase activity.[31]


Perhaps strong polar interactions between, for example, the
carboxylate side chain of 4 and the side chain of the S166C site
of, for example, CMMs S166C-S-j,k provide a more stable ES-
complex, which cannot be easily attacked by water, thereby
allowing preparation of dipeptides in good yield. Moreover,
these CMMs may even bind �-amino acids in a different mode
from �-amino acids, that is, the �-carbobenzoxyamine group
(NHZ) of may bind in the S1 pocket in place of the amino acid
side chain. If this is the case, repulsion between the benzyl
group of 5, which has the largest substituent among the three
�-amino acid substrates 5 ± 7, and other groups in the active
site of the CMMs could cause the low reactivity that was


observed for 5. Any or all of these factors may play a role in
the broadening that has been observed. Further studies to
explore these interesting possibilities are in progress, however
from this work the required effects for successful broadening
may be tentatively ranked polarity � size � charge.


It should be noted that although many of these yields are
obtained over different reaction times, the use of CMMs in
initial trial parallel syntheses under identical conditions
proved highly successful. This is a first step towards the
combinatorial biocatalysts that we requre. It is also clear from
our work that although kinetic analysis is a valuable screening
tool in the identification of candidate biocatalysts, this should
be coupled with the type of broad ranging evaluation of
synthetic utility described in this paper.


In conclusion, we have established a significant enhance-
ment of the applicability of SBL in peptide synthesis using
™polar patch∫ CMM technology. We have achieved our goal of
creating, SBL-CMMs S166C-S-a ± k that accept a wide range
of substrates including �-amino acids as acyl donors and an �-
branched acyl acceptor to give a variety of dipeptides, many in
very high yields, that cannot be synthesized with SBL-WT.
Furthermore, these dramatic improvements have been ach-
ieved without the loss of the natural specificity of SBL.
Resulting ™polar patch∫ CMMs are consequently successful in
creating balanced dipeptide libraries that SBL-WT cannot.
These results therefore represents a true broadening of
synthetic utility. This methodology is a powerful tool for
enhancing the application of enzymes in organic synthesis.
Initial work on broadening the specificity of other syntheti-
cally useful enzyme systems has already begun.[45]


Experimental Section


General : 1H and 13C NMR spectra were measured on a Varian Unity 400
(400 MHz for 1H and 100 MHz for 13C) spectrometer in [D6]DMSO with
resdual solvent as internal standard. High-resolution mass spectra (HRMS)
were recorded using a Micromass ZAB-SE spectrometer (FAB�). Protein
mass spectra were recorded using a Micromass Platform or LCT
spectrometer (ES�) and deconvoluted by using MaxEnt. Optical rotations
were measured with a Perkin-Elmer 243B polarimeter. ALUGRAM SIL
G/UV254 Art.-Nr. 818 133 (Macherey-Nagel) was used for analytical TLC.
Preparative TLC was performed on a pre-coated Silica gel plate Art.5744
(Merck). Amino acids and derivatives were purchased from Sigma or
Bachem and were used as received. All solvents were reagent grade and
distilled prior to use.


General CMM preparation procedure : Mutants of Subtilisin Bacillus lentus
(SBL) were generated, and WT and mutant enzymes purified as described
previously.[5a,c] A frozen aliquot of the mutant enzyme S166C (containing
from 25 mg to 1.1 g of enzyme at a concentration of approx 20 mg mL�1)
was thawed and added to an equal volume of Modifying Buffer (for S166C-
S-e-l : 140 m� CHES, 2 m� CaCl2, pH 9.5; for S166C-a,d 140 m� MES,
2 m� CaCl2 pH 6.5; for S166C-b,c 140 m� MES, 2 m� CaCl2). To this
solution was added 100 �L of a 0.2 � MTS reagent solution for every
2.5 mL of the resulting enzyme solution (1a ± c,e ± h,l in MeCN, 1d,i,j in
water). The mixture was sealed, vortexed and shaken at room temperature.
When completion of modification was determined by a specific activity
assay using succinyl-AlaAlaProPhe-p-nitroanilide (�410 � 8800 ��1 cm�1)[13]


as substrate in 0.1� Tris-HCl buffer containing 0.005 % Tween 80, 1%
DMSO, pH 8.6 showing constant activity and by titration with Ellman×s
reagent[29] (�412 � 13600 ��1 cm�1) showing no free thiol present in solution.
A further solution (50 �L for every 2.5 mL of enzyme solution) of the
modifying reagent solution was added and the mixture agitated for a
further 10 min. The reaction was poured onto a pre-equilibrated G-25
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Sephadex column and eluted with Quench Buffer (5 m� MES 1 m� CaCl2,
pH 5.5). The eluant was dialysed at 4 �C against 10 m� MES, 1 m� CaCl2


pH 5.8 (2� 45 min). The resulting dialysate was flash frozen in liquid
nitrogen and stored at �18 �C. The free thiol content of all CMMs, was
determined spectrophotometrically by titration with Ellman×s reagent[29] in
phosphate buffer 0.25 M, pH 8.0. In all cases no free thiol was detected.
Modified enzymes were analyzed by nondenaturing gradient (8 ± 25%) gels
at pH 4.2, run towards the cathode, on the Pharmacia Phast-system and
appeared as a single band. Prior to ES-MS analysis CMMs were purified by
FPLC (BioRad, Biologic System) on a Source 15 RPC matrix (17 ± 0727 ±
20 from Pharmacia) with 5% acetonitrile, 0.01 % TFA as the running
buffer and eluted with 80% acetonitrile, 0.01 % TFA in a one step gradient.
MS (ES-MS) m/z : S166C-S-a : calcd 27036, found 27040; S166C-S-b : calcd
27078, found 27078; S166C-S-c : calcd 27078, found 27079; S166C-S-d : calcd
26952, found 26950; S166C-S-e : calcd 26963, found 26967; S166C-S-f : calcd
26963, found 26964; S166C-S-g calcd 26961, found 26958; S166C-S-h calcd
26961, found 26962; S166C-S-i calcd 26846, found 26850; S166C-S-j calcd
26832, found 26 835; S166C-S-k calcd 26 861, found 26 861; S166C-S-l calcd
26859, found 26855. The active enzyme concentration was determined as
previously described[30] by monitoring fluoride release upon enzyme
reaction with �-toluenesulfonyl fluoride (PMSF) as measured by a fluoride
ion sensitive electrode (Orion Research 96 ± 09).


Kinetic measurements : For amidase activity Michaelis-Menten constants
were measured at 25(�0.2) �C by curve fitting (GraFit 3.03) of the initial
rate data determined at nine concentrations (0.125 m� ± 3.0 m�) of
succinyl-AAPF-pNA substrate in 0.1� Tris ± HCl buffer containing
0.005 % Tween 80, 1 % DMSO, pH 8.6 (�410 � 8800 ��1 cm�1).[13] For
esterase activity specificity constants determined using the low substrate
approximation were measured indirectly using Ellman×s reagent[29] (�412 �
13600 ��1cm�1) using 15 or 30 �� succinyl-AAPF-SBn as substrate in 0.1 M
Tris.HCl, containing 0.005 vol % Tween 80, 1 vol % 37.5 m� Ellman×s
reagent in DMSO, pH 8.6. Selected kinetic data was also taken from
references 5 h,28,31,42.


Synthesis of 3,3-dimethylbutyl methanethiosulfonate (1 l): A solution of
3,3-dimethylbutylbromide (1 g, 6.1 mmol) and NaSSO2CH3 (0.9 g,
6.7 mmol) in DMF (10 mL) was heated at 50 �C under N2. After 50 h the
solvent was removed and the resulting residue purified by flash chroma-
tography (1:4, EtOAc/hexane) to give 1 l as a colourless oil: IR (film): �� �
1280, 1115 cm�1 (S-SO2); 1H NMR (CDCl3, 400 MHz): �� 0.88 (s, 9H;
C(CH3)3), 1.46 (m, 2 H; H-2), 3.48 (s, 3 H; CH3SO2); 13C NMR (CDCl3,
100 MHz): �� 27.0, 28.4, 33.4, 46.1, 51.1 (CH3SO2); (ES-MS) m/z (%): 219
[M�Na]� , (100), 197 [M�H�] (70); HRMS m/z (ES): Found 196.0588;
C7H16O2S2 requires 196.0592.


Parallel array synthesis : Acyl donor (0.05 mmol), acyl acceptor
(0.15 mmol) and enzyme (0.5 mg) were arrayed in DMF/water (1:1,
200 �L) as shown in Scheme 3 in 24 wells of a 96-well quartz plate and
gently agitated for 48 h at room temperature. At this time the contents were
analysed by HPLC-MS using a C-18 column (5:95 ± 80:20 CH3CN:H2O
gradient) on a Micromass ES-ZMD system employing a Waters 600 HPLC
system with Waters 2700 autosampler.


General procedure for peptide coupling : To a solution of Z-�-PheOBn (2,
19.2 mg, 0.05 mmol) in DMF (0.25 mL) and water (0.144 mL), glycinamide
hydrochloride (8, 17 mg, 0.15 mmol) and Et3N (0.15 mmol, 0.0625 mL)
were added, followed by addition of S166C-S-a (0.106 mL), 0.5 mg of active
enzyme in MES buffer (10 m� MES, 1 m� CaCl2, pH 5.8). The reaction
mixture was stirred for 1 h at room temperature. The mixture was diluted
with EtOAc and washed with 1� KHSO4 (1 mL) and brine (1 mL), and the
organic layer was dried over MgSO4. After evaporation, the residue was
purified by preparative TLC (CH2Cl2/MeOH� 90:10) to afford Z-�-
PheGlyNH2 (10, 16.9 mg, 95%). Peptide ligations of other substrates using
other enzymes were carried out following the same procedure for the
reaction times indicated in Table 2. In the case of �-amino acids as acyl
donors, 0.5 mg more active enzyme was added to the reaction vessel after
24 h, and then the mixture was stirred for another 24 h.


Z-�-PheGlyNH2 (10): [�]21
D ��3.9 (c� 1.04 in MeOH) (literature value


[�]20
D ��3.2 (c� 1 in MeOH)[46]); 1H NMR ([D6]DMSO): �� 2.74 (dd, J�


11.0, 14.0 Hz, 1H; CHH�Ph), 3.04 (dd, J� 4.0, 14.0 Hz, 1H; C HH�Ph),
3.59 ± 3.72 (m, 2H; NHCH2CO), 4.21 ± 4.35 (m, 1H; NHCHCO), 4.93 (d,
J� 12.5 Hz, 1 H; OCHH�Ph), 4.94 (d, J� 12.5 Hz, 1 H; OCHH�Ph), 7.12
(brs, 2H; NH), 7.16 ± 7.38 (m, 10H; Ph), 7.60 (d, J� 8.5 Hz, 1H; NH),


8.27 ppm (t, J� 5.5 Hz, 1H; NH); 13C NMR ([D6]DMSO): �� 37.3, 42.0,
56.3, 65.3, 126.3, 127.5, 127.8, 128.1, 128.4, 129.3, 137.0, 138.2, 156.0, 170.8,
171.8 ppm; HRMS (FAB� ): calcd for C19H22N3O4 [M � H]� 356.1610,
found 356.1639.


Z-�-AlaGlyNH2 (11): [�]25
D �� 8.4 (c� 0.64 in MeOH) (literature values


[�]23
D ��7.5 (c� 2 in MeOH); [47] [�]25


D ��6.3 (c� 0.80 in MeOH)[48]);
1H NMR ([D6]DMSO): �� 1.20 (d, J� 7.0 Hz, 3H; CH3), 3.60 (dd, J� 5.5,
16.0 Hz, 1 H; CHH�NH), 3.62 (dd, J� 5.5, 16.0 Hz, 1H; CHH�NH), 4.03
(dq, J� 7.0, 7.0 Hz, 1H; CH3CHNH), 5.00 (d, J� 12.5 Hz, 1 H; OCHH�Ph),
5.03 (d, J� 12.5 Hz, 1H; OCHH�Ph), 7.11 (brs, 1H; NH2), 7.18 (brs, 1H;
NH2), 7.27 ± 7.42 (m, 5H; Ph), 7.57 (d, J� 7.0 Hz, 1 H; NH), 8.11 ppm (t, J�
5.5 Hz, 1H; NH); 13C NMR ([D6]DMSO): �� 17.9, 42.0, 50.3, 65.5, 127.85,
127.89, 128.4, 136.9, 155.9, 170.9, 172.7 ppm; HRMS (FAB�) calcd for
C13H18N3O4 [M � H]� 280.1297, found 280.1307.


Z-�-GluGlyNH2 (12): [�]25
D ��9.3 (c� 0.69 in MeOH) (literature value


[�]25
D ��10.2 (c� 1.0 in MeOH)[6b]); 1H NMR ([D6]DMSO): �� 1.66 ± 1.79


(m, 1 H; CHH�CH2COOH), 1.83 ± 1.95 (m, 1 H; CHH�CH2COOH), 2.26 (t,
J� 7.5 Hz, 2 H; CH2COOH), 3.62 (d, J� 5.5 Hz, 2 H; NHCH2CO), 3.95 ±
4.05 (m, 1H; NHCHCO), 5.01 (d, J� 12.5 Hz, 1 H; OCHH�Ph), 5.03 (d, J�
12.5 Hz, 1H; OCHH�Ph), 7.07 (brs, 1 H; NH2), 7.20 (brs, 1 H; NH2), 7.25 ±
7.40 (m, 5 H; Ph), 7.55 (d, J� 7.5 Hz, 1 H; NH), 8.11 (t, J� 5.5 Hz, 1H; NH),
12.20 ppm (brs, 1H; COOH); 13C NMR ([D6]DMSO): �� 27.0, 30.2, 41.9,
54.1, 65.6, 127.8, 127.9, 128.4, 136.9, 156.2, 170.8, 171.7, 174.0 ppm; HRMS
(FAB�) calcd for C15H20N3O6 [M � H]� 338.1352, found 338.1364.


Z-�-Phe-�-AlaNH2 (13): [�]24
D ��9.2 (c� 0.56 in MeOH) (literature value


[�]29
D ��8.86 (c� 0.57 in MeOH)[6b]); 1H NMR ([D6]DMSO): �� 1.22 (d,


J� 7.0 Hz, 3H; CH3), 2.71 (dd, J� 13.5, 13.5 Hz, 1H; CHH�Ph), 3.03 (dd,
J� 3.5, 13.5 Hz, 1 H; CHH�Ph), 4.18 ± 4.31 (m, 2 H; NHCHCO �2), 4.93 (s,
2H; OCH2Ph), 7.04 (brs, 1 H; NH), 7.14 ± 7.22 (m, 1H; NH), 7.24 ± 7.42 (m,
10H; Ph), 7.55 (d, J� 8.5 Hz, 1 H; NH), 8.08 ppm (d, J� 7.5 Hz, 1 H; NH);
13C NMR ([D6]DMSO): �� 18.5, 37.4, 48.1, 56.2, 65.2, 126.3, 127.4, 127.7,
128.1, 128.4, 129.3, 137.1, 138.2, 155.9, 171.1, 174.1 ppm; HRMS (FAB�)
calcd for C20H24N3O4 [M � H]� 370.1767, found 370.1769.


Z-�-Ala-�-AlaNH2 (14): [�]21
D ��21.8 (c� 0.89 in MeOH) (literature


values [�]23
D ��8.30 (c� 5 in DMF);[49] [�]25


D ��20.4 (c� 0.77 in MeOH);
[6b] [�]25


D ��29.1 (c� 0.4 in MeOH)[50]); 1H NMR ([D6]DMSO): �� 1.19 (d,
J� 7.0 Hz, 3H; CH3), 1.24 (d, J� 7.5 Hz, 3 H; CH3), 3.90 ± 4.26 (m, 2H;
NHCHCO �2), 5.01 (s, 2 H; CH2OPh), 7.02 (brs, 1H; NH2), 7.13 (brs, 1H;
NH2), 7.25 ± 7.45 (m, 5H; Ph), 7.51 (d, J� 6.5 Hz, 1 H; NH), 7.88 ppm (d, J�
7.5 Hz, 1H; NH); 13C NMR ([D6]DMSO): �� 18.1, 18.5, 47.9, 50.2, 65.4,
127.78, 127.84, 128.4, 137.1, 155.8, 172.0, 174.2 ppm; HRMS (FAB�) calcd
for C14H20N3O4 [M � H]� 294.1454, found 294.1457.


Z-�-Glu-�-AlaNH2 (15): [�]25
D ��15.9 (c� 0.68 in MeOH) (literature


value [�]25
D ��16.7 (c� 0.76 in MeOH)[6b]); 1H NMR ([D6]DMSO): ��


1.20 (d, J� 8.0 Hz, 3 H; CH3), 1.68 ± 1.82 (m, 1 H; CHH�CH2COOH), 1.82 ±
2.03 (m, 1H; CHH�CH2COOH), 2.21 ± 2.40 (m, 2 H; CH2CH2COOH),
3.93 ± 4.25 (m, 2 H; NHCHCO �2), 5.02 (s, 2 H; OCH2Ph), 7.02 (brs, 1H;
NHH�), 7.18 ± 7.46 (m, 5 H; Ph), 7.51 (brs, 1H; NHH�), 7.54 (d, J� 7.5 Hz,
1H; NH), 7.92 (d, J� 7.5 Hz, 1 H; NH), 12.40 ppm (brs, 1H; COOH);
13C NMR ([D6]DMSO): �� 18.4, 26.2, 30.3, 48.0, 53.1, 65.4, 127.0, 127.7,
129.3, 137.0, 156.2, 173.7, 173.8, 174.1 ppm; HRMS (FAB�) calcd for
C16H22N3O6 [M � H]� 352.1509, found 352.1502.


Z-�-PheGlyNH2 (16): [�]21
D �� 3.4 (c� 1.17 in MeOH); 1H and 13C NMR


spectral data identical to 10. HRMS calcd for C19H22N3O4 [M � H]�


356.1610, found 356.1592.


Z-�-AlaGlyNH2 (17): [�]24
D �� 8.5 (c� 0.86 in MeOH) (literature value


[�]25
D ��9.3 (c� 1.1 in MeOH)[50]); 1H and 13C NMR spectral data identical


to 11. HRMS calcd for C13H18N3O4 [M � H]� 280.1297, found 280.1303.


Z-�-GluGlyNH2 (18): [�]24
D ��9.1 (c� 1.08 in MeOH); 1H and 13C NMR


spectral data identical to 12. HRMS calcd for C15H20N3O6 [M � H]�


338.1352, found 338.1353.
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Magneto-Switchable Electrocatalytic and Bioelectrocatalytic Transformations


Eugenii Katz, Laila Sheeney-Haj-Ichia, and Itamar Willner*[a]


Abstract: Magnetic switching of redox
reactions and bioelectrocatalytic trans-
formations is accomplished in the pres-
ence of relay-functionalized magnetite
particles (Fe3O4). The electrochemistry
of a naphthoquinone (1), pyrroloquino-
line quinone (2 ; PQQ), microperoxi-
dase-11 (3), a ferrocene derivative (4)
and a bipyridinium derivative (5), func-
tionalized magnetic particles, is switched
™ON∫ and ™OFF∫ by an external magnet
upon the attraction of the magnetic
particles to an electrode or their retrac-
tion from the electrode, respectively.
The magneto-switchable activation and


deactivation of the electrochemical ox-
idation of the ferrocene-functionalized
magnetic particles and the electrochem-
ical reduction of the bipyridinium-func-
tionalized magnetic particles are used
for the triggering of mediated bioelec-
trocatalytic oxidation of glucose, in the
presence of glucose oxidase (GOx), and
bioelectrocatalytic reduction of nitrate
(NO3


�), in the presence of nitrate re-


ductase (NR), respectively. Magnetic
particles functionalized with a PQQ±
NAD� dyad are used for the magnetic
switching of the bioelectrocatalytic oxi-
dation of lactate in the presence of
lactate dehydrogenase (LDH). The cou-
pling of these particles with a ferrocene-
monolayer-functionalized electrode al-
lows the dual and selective sensing of
lactate and glucose in the presence of
LDH and GOx, respectively, by using an
external magnet to switch the detection
mode.


Keywords: biosensors ¥ cyclic vol-
tammetry ¥ electrocatalysis ¥ mag-
netic particles ¥ magnetic properties


Introduction


The development of signal-controlled redox functionalities in
molecular,[1] macromolecular,[2] and biomolecular[3] systems
attracts substantial research efforts directed to the design of
information storage and processing systems, the development
of new electronic materials, and the tailoring of molecular
machinery systems. Photochemically controlled redox func-
tions of molecular and supramolecular systems in solution
were reported by the use of photoisomerizable components.
Photoisomerization of molecular structures was reported to
yield redox-activated states,[4] and light-induced transloca-
tions of redox units in supramolecular catenane or rotaxane
assemblies, by the photoisomerization of a light-sensitive
molecular unit or photoinduced electron transfer, were
accomplished.[5, 6] Similarly, pH-induced translocation of re-
dox functionalities between distinct states in rotaxanes[7]


represents a chemically controlled molecular mechanical
function. The integration of photoisomerizable, redox-acti-
vated, molecular functionalities with electrodes in the form of
monolayers was suggested as a general means for the electro-


chemical (amperometric) transduction of photonic informa-
tion recorded by the photoactive interface.[8] Also, the photo-
chemical translocation of a tethered redox-active cyclodextrin
in a rotaxane system associated with an electrode was
suggested as a light-driven ™molecular machine∫ that electro-
chemically transduces its operational configuration.[9] Photo-
switchable bioelectrocatalytic assemblies were suggested as a
general method to develop optobioelectronic systems.[10]


Tethering of photoisomerizable groups to redox enzymes,[11]


reconstitution of apo-flavoenzymes with a photoisomerizable
FAD-cofactor,[12] the use of photoisomerizable electron
mediators,[13] and the organization of photoisomerizable
monolayers as ™command interfaces∫ that control the elec-
trical contact of redox-proteins with the electrode[14] were
reported as functional enzyme-based bioelectronic systems
for the amperometric transduction of photonic signals.
Recently, we reported on the development of magneto-


switchable bioelectrocatalytic systems in which external
magnetic fields switch the bioelectrocatalytic functions of
redox enzymes ™ON∫ and ™OFF∫.[15] Here we wish to report
the comprehensive studies on magneto-controlled redox
systems, magneto-switchable electrocatalysis, and bioelectro-
catalysis. We discuss the magneto-switchable bioelectrocatal-
ysis of flavoenzymes and of NAD�-dependent enzymes, and
demonstrate the use of the magneto-triggered biocatalytic
processes for the specific sensing of two different substrates in
a mixture.
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Results and Discussion


The magnetic switching of redox functions and electrocata-
lytic transformations at an electrode surface are depicted in
Scheme 1. The redox-active component (R) is covalently
linked to the magnetic particles. Positioning of the external
magnet below the electrode attracts the functionalized
particles to the electrode, thus enabling the redox trans-
formation to occur. Positioning of the magnet above the
electrochemical cell retracts the magnetic particles from the
electrode surface, leading to the blocking of the electrical
contact between the functionalized particles and the electrode
support. By the reversible positioning of the external magnet
below the electrode and above the electrochemical cell, the
redox responses of the system are cycled between ™ON∫ and
™OFF∫ states. Provided the redox component linked to the
magnetic particle acts as electrocatalyst for the reduction (or
oxidation) of a substrate in solution, the respective electro-


catalytic transformations might be switched ™ON∫ and ™OFF∫
by the appropriate positioning of the external magnet with
respect to the electrode support.
The first aim of the study was to demonstrate the covalent


mode of a redox modifier bound to magnetic particles. Since
redox potentials of covalently bound and physically adsorbed
molecules are often similar,[16, 17] it is not easy to distinguish
these two binding modes, unless they have very different
stability. However, even stability of the species immobilized
by covalent binding or by adsorption might be sometimes
comparable.[18] It is known that nucleophilic addition of amino
groups to quinones[19] yields amino ± quinone derivatives with
redox potentials significantly negatively shifted due to the
electron-donating effect of the amino group. This chemical
process was used for the immobilization of 1,4-naphthoqui-
nones on electrode surfaces functionalized with amino
groups,[20] and resulted in the formation of covalently bound
aminonaphthoquinone molecules on electrode surfaces. Ac-


cordingly, this approach was
used to modify the magnetic
particles. The magnetic parti-
cles were functionalized with
[3-(2-aminoethyl)aminopropyl]-
trimethoxysilane. The resulting
particles were treated with 2,3-
dichloro-1,4-naphthoquinone
(1) to yield 2-amino-3-chloro-
1,4-naphthoquinone-function-
alized magnetic particles. The
resulting particles were washed
with ethanol to remove physi-


Scheme 1. Magneto-switched electron transfer and electrocatalyzed transformation in the presence of redox-
active units linked to magnetic particles.


Scheme 2. Synthesis of relay-functionalized magnetic particles by the covalent linkage of redox-active units to magnetic particles functionalized with [3-(2-
aminoethyl)aminopropyl]siloxane film: A) Linkage of 2,3-dichloro-1,4-naphthoquinone to the functionalized particles. B) Carbodiimide coupling of
electron-relay carboxylic derivatives to the amino groups of the siloxane layer.
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cally adsorbed unreacted 2,3-dichloro-1,4-naphthoquinone,
Scheme 2A.
It has been shown before that only the terminal primary


amino group of the silane reacts with the quinone.[20a]


Figure 1A, curve a, shows the differential pulse voltammo-
gram of the aminonaphthoquinone-functionalized magnetic
particles, Eo��0.40 V (pH� 8.0), that are attracted to the
electrode by means of the external magnet. Figure 1A,
curve b, shows the differential pulse voltammogram of the
aminonaphthoquinone-functionalized magnetic particle in
the presence of 1 that has not been washed out and is
physically adsorbed on the particles. The redox wave of 1
appears at Eo��0.19 V and that of the aminonaphthoqui-
none-functionalized particles is negatively shifted by 210 mV,
Eo��0.40 V. This potential shift is typical for aminoquinone
derivatives,[20] and it is consistent with the fact that the
electron-withdrawing chloride substituent is replaced by the
electron-donating amine functionality.[19] The potential differ-
ence between the physically adsorbed precursor and the
covalently bound modifier provides a proof of covalent
coupling of the modifier to the aminosiloxane thin film
associated with the surface of the magnetic particles.
Figure 1B shows the differential pulse voltammograms of


the aminonaphthoquinone-functionalized magnetic particles
upon positioning the external magnet below and above the
electrode, curves a and b, respectively. Clearly, when the
functionalized particles are attracted to the electrode, the
aminonaphthoquinone units form electrical contacts with the
electrode surface, giving rise to the amperometric response.
Retraction of the magnetic particles from the electrodes
blocks the redox response of the functionalized particles. The
small residual peak in the differential pulse voltammogram


(curve b) originates from incomplete removal of the function-
alized magnetic particles from the electrode. The inset in
Figure 1B shows reversible increase and decrease of the peak
current of the differential pulse voltammograms upon trans-
location of the magnetic particles to and from the electrode,
respectively, by means of the external magnet. It should be
noted that this experiment was performed under argon, and,
thus, only the electrochemical response of the aminonaph-
thoquinone is reversibly activated and inhibited by the
external magnet.
The magneto-switched electrochemical process of the


aminoquinone immobilized on the magnetic particles can be
further used to activate secondary redox reactions. It is known
that the aminonaphthoquinone electrocatalyzes the reduction
of dioxygen (O2) to yield H2O2.[21] Figure 1C shows the
magneto-switched electrocatalyzed reduction of O2 by the
aminonaphthoquinone-modified particles. Magnetic attrac-
tion of the particles to the electrode surface results in an
electrocatalytic cathodic current from the quinone-mediated
reduction of oxygen, whereas the magnetic retraction of the
functionalized magnetic particles blocks the electrocatalyzed
reduction of O2 (Figure 1C, curves a and b, respectively). The
residual cathodic current observed at the electrode when the
aminonaphthoquinone-functionalized magnetic particles are
removed from the electrode (curve b) corresponds to the
noncatalytic reduction of O2 at the electrode. It should be
noted that in the experiments described, the Au electrode
surface was functionalized with a mercaptohexanol mono-
layer in order to retard the noncatalytic reduction of O2. The
inset in Figure 1C, shows the reversible activation and
deactivation of the electrocatalytic reduction of O2 upon
attraction and removal of the aminonaphthoquinone-func-


Figure 1. A) Differential pulse voltammograms of an Au-electrode with the magnetically attracted magnetic particles (10 mg). Curve a: Covalently
functionalized with aminonaphthoquinone. Curve b: Covalently functionalized with aminonaphthoquinone in the presence of physically adsorbed 2,3-
dichloro-1,4-naphthoquinone. B) Differential pulse voltammograms corresponding to the aminonaphthoquinone-functionalized particles. Curve a: Magneti-
cally attracted to the electrode surface. Curve b: Magnetically retracted from the electrode surface. Inset: Reversible changes of the peak current of the
differential pulse voltammograms upon magnetic switching ™ON∫ (points a) and ™OFF∫ (points b) of the redox response of the aminonaphthoquinone-
functionalized particles. C) Cyclic voltammograms corresponding to the electrocatalyzed reduction of O2 in the presence of the aminonaphthoquinone-
functionalized particles and a Au electrode modified with a mercaptohexanol monolayer. Curve a: Switched ™ON∫ by attraction of the magnetic particles to
the electrode. Curve b: Switched ™OFF∫ by retraction of the magnetic particles from the electrode. Inset: Reversible changes of the electrocatalytic current
(measured at E��0.6 V) upon attraction of the magnetic particles to the electrode (points a) and retraction of the magnetic particles from the electrode
(points b). The data were recorded in 0.1� phosphate buffer, pH� 8.0. The differential pulse voltammograms were measured at an unmodified Au electrode
under Ar with a potential scan rate of 20 mVs�1, pulse height 5 mV. The cyclic voltammograms were measured at a mercaptohexanol monolayer-modified Au
electrode in the background electrolyte solution equilibrated with air at a potential scan rate of 10 mVs�1.







Magneto-Switchable Transformations 4138±4148


Chem. Eur. J. 2002, 8, No. 18 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4141 $ 20.00+.50/0 4141


tionalized magnetic particles to and from the electrode
surface induced by the translocation of the external magnet
below the electrode and above the cell, respectively.
A series of carboxylic-acid-functionalized redox-active


compounds were covalently coupled to the amino-function-
alized magnetic particles (Scheme 2B). Pyrroloquinoline
quinone (2, PQQ), was covalently linked to the particles.
Figure 2A shows the cyclic voltammograms of the PQQ-
modified magnetic particles, upon their attraction to the
electrode and retraction from the conductive support with the
external magnetic field (curves a and b, respectively). The
cyclic voltammogram recorded when the PQQ-functionalized
magnetic particles rest on the electrode surface (curve a),
shows a quasi-reversible electrochemical process for PQQ,[22]


Eo��0.16 V (pH� 8.0), with a peak-to-peak separation of
�Ep� 45 mV (potential scan rate 100 mVs�1). The observed
value is smaller than the theoretically expected value of
�Ep� 60 mV for the diffusionally controlled cyclic voltammo-
gram,[23] but still larger than �Ep� 0 mV predicted by the
Laviron theory for a surface-confined redox species.[24] This
originates from intermolecular interactions of the redox
species on the electrode and roughness irregularities on the
conductive support. Indeed the increase in the observed peak-
to-peak separation value has been explained by the second
Laviron×s theoretical approximation,[25] and was experimen-
tally confirmed for PQQ-monolayer-modified electrodes.[22] A
further reason for the increase in the �Ep is the slow kinetics
of the electrochemical process.[24] When a slow potential scan
rate is applied (v � 20 mVs�1) the peak-to-peak separation is
independent of the potential scan rate and equal to 20 mV,
Figure 2B. At higher scan rates (v� 100 mVs�1) �Ep is
proportional to the logarithm of the potential scan rate
according to the Laviron theory.[24] The PQQ formal potential
(Eo) remains constant at different potential scan rates (v),


because the anodic and cathodic peaks are shifted symmetri-
cally: �Epa/�(logv)� �Epc/�(logv)� 35 mV. Thus, it can be
assumed that the anodic and cathodic transfer coefficients are
similar: �a��c� 0.5. The peak current values of the cyclic
voltammograms increase linearly upon the increase of the
potential scan rate (Figure 2B, inset); this provides further
support to the surface-confined electrochemical process
involving PQQ. The electron-transfer constant of ket� 2 s�1
was calculated from the Laviron theory for the electrochem-
ical process of the immobilized PQQ.[24] Figure 2A, curve b,
shows a cyclic voltammogram of the electrode when the PQQ-
functionalized magnetic particles are lifted up by the external
magnet. A very small redox wave of the residual particles is
observed. The PQQ-modified magnetic particles can be
reversibly attracted to or retracted from the electrode surface
by positioning the external magnet below or above the
electrochemical cell, respectively, thus providing the reversible
magnetic switch for the PQQ-redox process (Figure 2A, inset).
PQQ acts as an electrocatalyst for the oxidation of 1,4-


dihydronicotinamide adenine dinucleotide, NADH,[26] and
the enhanced electrocatalytic activity was demonstrated in the
presence of added Ca2� as co-catalyst.[27] Figure 2C shows a
voltammogram of the magneto-switchable electrocatalyzed
oxidation of NADH by the PQQ-modified magnetic particles.
The electrical contact of the magnetically attracted PQQ-
functionalized particles results in the electrocatalyzed oxida-
tion of NADH; this is reflected by the electrocatalytic anodic
current (Figure 2C, curve a). Blocking the electrical commu-
nication between the PQQ-modified particles and the elec-
trode fully inhibits the electrocatalyzed oxidation of NADH
(Figure 2C, curve b). The electrocatalytic current was rever-
sibly switched ™ON∫ and ™OFF∫ by positioning the external
magnet below and above the electrochemical cell, respective-
ly (Figure 2C, inset).


Figure 2. A) Cyclic voltammograms at an Au-electrode in the presence of PQQ-functionalized magnetic particles (10 mg). Curve a: The particles are
magnetically attracted to the electrode surface. Curve b: The particles are magnetically retracted from the electrode. Inset: Reversible changes of the peak
current of the cyclic voltammograms upon the magnetic switching (™ON∫: points a; ™OFF∫: points b) of the electrochemical process of the PQQ associated
with the magnetic particles. B) Dependence of the peak-to-peak separation of the cyclic voltammograms of PQQ-functionalized magnetic particles attracted
to the Au electrode on the potential scan rate. Inset: Dependence of the peak current on the potential scan rate. C) Cyclic voltammograms at an Au-electrode
in the presence of the PQQ-functionalized magnetic particles (10 mg) and NADH (50 m�). Curve a: When the magnetic particles are attracted to the
electrode. Curve b: When the magnetic particles are retracted from the electrode. Inset: Reversible changes of the electrocatalytic current (measured at E�
0.05 V) upon attraction of the magnetic particles to the electrode (points a) and retraction of the magnetic particles from the electrode (points b). The data
were obtained in Tris buffer (0.1�, pH� 8.0) in the presence of CaCl2 (10 m�) under argon. Potential scan rates are A) 100 mVs�1; C) 2 mVs�1.
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Similarly, the heme-containing undecapeptide, microper-
oxidase-11 (3, MP-11) was covalently linked to magnetic
particles (Scheme 2B). Figure 3A, curve a, shows the cyclic
voltammogram of the electrode with the MP-11-functional-
ized magnetic particles attracted to the electrode surface. The
redox wave of MP-11, Eo��0.40 V, is similar to that
observed for MP-11 assembled as a monolayer on an Au
electrode.[28] The cyclic voltammogram of the system recorded
upon lifting the magnetic particles by positioning the external
magnet above the electrochemical cell does not show any
redox activity of MP-11 (Figure 3A, curve b). The redox
activity of the MP-11-functionalized particles is reversibly
switched between ™ON∫ and ™OFF∫ states by the appropriate
positioning of the external magnet (Figure 3A, inset). The
heme site of MP-11 electrocatalyzes the reduction of H2O2 to
H2O.[28] The reduction of H2O2 proceeds, however, at a
substantially more positive potential than that of MP-11,
owing to the formation of a [heme-FeIV�O] .� intermediate
complex upon interaction of the heme with H2O2.[29] The
magneto-switched MP-11-electrocatalyzed reduction of H2O2


is nicely demonstrated in Figure 3B. The magnetic attraction
of the MP-11-functionalized magnetic particles to the elec-
trode stimulates the catalytic reduction of H2O2; this is
reflected by a high electrocatalytic cathodic current (curve a),
whereas magnetic retraction of the particles prohibits the
electrocatalyzed reduction of H2O2. The inset in Figure 3B
shows the reversible changes of the electrocatalytic cathodic
current developed in the system upon the magneto-controlled
switching of the electrocatalytic process.


The electrical activation of redox enzymes is a key process
in bioelectronics, since it enables the use of the electrochemi-
cally activated biocatalysts as the active materials for bio-
sensors, biofuel cells, and biomaterial-based electronic devi-
ces.[30] Redox enzymes usually lack direct electrical commu-
nication with electrodes, owing to the structural insulation of
their redox sites by the protein matrixes. Different methods by
which redox enzymes can form electrical contacts with
electrodes have been developed; these include the application
of diffusional electron mediators,[31] covalent tethering of
redox-relays to the proteins,[32] and the reconstitution of
proteins with synthetic relay-functionalized cofactors.[33] Thus,
the covalent attachment of electron relays that activate redox
enzymes to magnetic particles could lead to the development
of magneto-switchable bioelectrocatalytic systems.
Accordingly, the amine-functionalized magnetic particles


were modified with N-(ferrocenylmethyl)aminohexanoic acid
(4), Scheme 2B. The ferrocene unit, upon oxidation to the
ferrocenylium cation, acts as an electron mediator for many
biocatalyzed oxidative transformations.[31, 34] Figure 4A shows
the differential pulse voltammograms that demonstrate the
magneto-switchable properties of the ferrocene-modified
magnetic particles. Magnetic attraction of the particles to
the electrode allows the oxidation of ferrocene (curve a),
while the magnetic removal of the particles from the
conductive supports blocks the oxidation of the ferrocene
units (curve b). Addition of glucose oxidase and glucose to the
system leads to the magneto-switchable bioelectrocatalyzed
oxidation of glucose, Figure 4B. Attraction of the magnetic


Figure 3. A) Cyclic voltammograms of an Au-electrode recorded in the presence of MP-11-functionalized magnetic particles (10 mg). Curve a: The
magnetic particles are attracted to the electrode surface. Curve b: The magnetic particles are retracted from the electrode. Inset: Reversible changes of the
peak current of the cyclic voltammograms upon the magnetic switching (™ON∫: points a; ™OFF∫: points b) of the electrochemical process of MP-11
associated with the magnetic particles. B) Cyclic voltammograms at an Au-electrode in the presence of MP-11-functionalized magnetic particles (10 mg) and
H2O2 (10 m��. Curve a: When the redox functions of the MP-11-modified particles are switched ™ON∫ by attraction of the magnetic particles to the
electrode. Curve b): When the redox functions of the MP-11-modified particles are switched ™OFF∫ by retraction of the magnetic particles from the
electrode. Inset: Reversible changes of the electrocatalytic current (measured at E� 0.0 V) upon attraction of the magnetic particles to the electrode
(points a) and retraction of the magnetic particles from the electrode (points b). The data were recorded in phosphate buffer (0.1�, pH� 7.0) under argon.
Potential scan rates are: A) 100 mVs�1; B) 10 mVs�1.
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particles to the electrode affects the oxidation of the ferrocene
units to ferrocenyl cation, which mediates the oxidation of the
active site of glucose oxidase (GOx); this in turn catalyzes the
oxidation of glucose to gluconic acid. The overall
bioelectrocatalyzed oxidation
of glucose is reflected by an
electrocatalytic anodic current
at the redox potential of the
ferrocene units (Figure 4B,
curve a). Retraction of the
ferrocene-modified magnetic
particles from the electrode by
positioning the magnet above
the electrochemical cell pro-
hibits the electrochemical oxi-
dation of the ferrocene sites
and the subsequent biocata-
lyzed oxidation of glucose
(Figure 4B, curve b). By the
cyclic positioning of the exter-
nal magnet below and above
the electrochemical cell, the
bioelectrocatalyzed oxidation
of glucose is reversibly switched
between ™ON∫ and ™OFF∫
states, respectively (Figure 4B,
inset).
Similarly, a magneto-switch-


able bioelectrocatalytic reduc-
tive transformation was dem-
onstrated by the application of


bipyridinium-functionalized
magnetic particles. N-Methyl-
N�-(dodecanoic acid)-4,4�-bi-
pyridinium (5) was coupled to
the amine-functionalized mag-
netic particles, Scheme 2B. Re-
duction of bipyridinium salts to
the respective bipyridinium
radical cations yields an active
electron carrier for the activa-
tion of various enzymes such as
nitrate reductase,[35] nitrite re-
ductase,[36] glutathione reduc-
tase,[37] formate dehydrogen-
ase,[38] hydrogenase,[39] and oth-
ers[31] towards the reduction of
nitrate, nitrite, glutathione,
CO2, H�, etc., respectively. We
demonstrate here the magneto-
switchable bioelectrocatalyzed
reduction of nitrate (NO3


�) to
nitrite (NO2


�) in the presence
of nitrate reductase (NR). Fig-
ure 5A shows the differential
pulse voltammograms of the
bipyridinium-functionalized
magnetic particles upon attrac-
tion (curve a) and retraction


(curve b) of the particles to and from the electrode surface,
respectively, by the external magnet. Clearly, the bipyridinium
units are reduced at the electrode support, while their
retraction from the electrode blocks the electrical contact


Figure 4. A) Differential pulse voltammograms of an Au-electrode in the presence of the ferrocene-
functionalized magnetic particles (10 mg). Curve a: The particles are magnetically attracted to the electrode
surface. Curve b: The particles are magnetically retracted from the electrode. Inset: Reversible changes of the
peak current of the differential pulse voltammograms upon magnetic activation (points a) and deactivation
(points b) of the electrochemical process of the ferrocene units. B) Cyclic voltammograms at an Au-electrode in
the presence of the ferrocene-functionalized magnetic particles (10 mg), glucose (10 m�), and GOx (1 mgmL�1).
Curve a: The redox functions of the particles are switched ™ON∫ by their attraction to the electrode. Curve b: The
redox functions of the particles are switched ™OFF∫ by their retraction from the electrode. Inset: Reversible
changes of the electrocatalytic current (measured at E� 0.45 V) upon attraction of the magnetic particles to the
electrode (points a) and retraction (points b) of the magnetic particles from the electrode. The data were
recorded in phosphate buffer (0.1�, pH� 7.0) under argon. The differential pulse voltammograms were measured
at a potential scan rate of 20 mVs�1, pulse height 5 mV. The cyclic voltammograms were measured at a potential
scan rate of 5 mVs�1.


Figure 5. A) Differential pulse voltammograms at an Au-electrode in the presence of the 5-functionalized
magnetic particles (10 mg). Curve a: The particles are magnetically attracted to the electrode surface. Curve b:
The particles are magnetically retracted from the electrode surface. Inset: Reversible changes of the peak current
of the differential pulse voltammograms upon the magnetic switching (™ON∫: points a; ™OFF∫: points b) of the
electrochemical process of the bipyridinium units associated with the magnetic particles. B) Formation of nitrite
ions (NO2


�) upon the bioelectrocatalytic reduction of nitrate (0.1� KNO3) in the presence of nitrate reductase
(5 units per mL) and 5-functionalized magnetic particles (10 mg). A potential corresponding to E��0.7 V is
applied on the electrode: At points a the particles are magnetically attracted to the electrode surface. At points b
the particles are magnetically retracted from the electrode. Inset: Reversible changes of the rate of the
bioelectrocatalytic formation of nitrite upon the magnetic switching (™ON∫: points a; ™OFF∫: points b) of the the
NO3


� reduction. The data were recorded in phosphate buffer (0.1�, pH� 7.0) under argon. Potential scan rate
20 mVs�1; pulse height 5 mV.
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between the electrode and the bipyridinium sites. The
magneto-controlled switching of the redox activity of the
bipyridinium sites can be cycled reversibly (Figure 5A, inset).
Figure 5B shows the magneto-controlled formation of


nitrite (NO2
�) upon the bioelectrocatalyzed reduction of


nitrate (NO3
�) in the presence of nitrate reductase (NR). At


point a the magnet is positioned below the electrode that is
biased at a potential of E��0.7 V; this results in the
reduction of the bipyridinium units linked to the magnetic
particles. The reduced relay units mediate the NR-biocata-
lyzed reduction of NO3


� with a rate corresponding to
approximately 6.5� 10�3m�min�1. At point b the magnet is
translocated to the upper position; this results in the blocking
of the reduction of NO3


� in the system, which is reflected by a
constant concentration of NO2


� in the system. At the next
point a the magnet is repositioned below the electrode,
resulting in the reactivation of the bioelectrocatalyzed
reduction of NO3


� with the rate of approximately 6.5�
10�3m�min�1. The inset in Figure 5B shows the reversible
switching ™ON∫ and ™OFF∫ of the bioelectrocatalytic process
upon cyclic translocation of the external magnet.
The magneto-switching of bioelectrocatalytic transforma-


tions has been broadened to NAD�-dependent redox en-
zymes. The family of NAD(P)�-dependent enzymes repre-
sents a broad class of redox biocatalysts.[31] The electrical
activation of NAD(P)�-dependent enzymes requires the
electrochemical regeneration of NAD(P)� by the oxidation
of NAD(P)H. Different catalysts, such as quinones; phen-
azine, phenoxazine, and phenothiazine derivatives; and other
redox mediators were applied for the electrochemical regen-
eration of NAD(P)�.[40] PQQ was reported as an effective
catalyst for the electrochemical oxidation of NAD(P)H to
NAD(P)�, and enhanced electrocatalytic functions were
observed in the presence of Ca2� as co-catalyst.[26, 27] Recently,
we applied the electrocatalytic
properties of PQQ to assemble
an integrated enzyme electrode
for the bioelectrocatalyzed ox-
idation of lactate.[41] In this
study, an affinity complex[42]


between lactate dehydrogenase
and a PQQ-NAD� monolayer,
associated with an electrode
surface, was crosslinked with
glutaric dialdehyde to yield an
integrated electrode; vectorial
electron transfer in this system
leads to the biocatalyzed oxida-
tion of lactate to pyruvate by
the electrocatalyzed regenera-
tion of the NAD� cofactor.
We applied this concept to


develop a magneto-switchable
system for the bioelectrocata-
lyzed oxidation of lactate to
pyruvate in the presence of the
NAD�-dependent enzyme lac-
tate dehydrogenase (LDH),
Scheme 3. Amino-NAD� (6)


was covalently linked to the PQQ-functionalized magnetic
particles. In the presence of the lactate and LDH in solution,
oxidation of lactate generates a reduced PQQH2 ±NADH
film on the magnetic particles. The conversion of lactate to
pyruvate is, however, blocked when the functional layer
associated with the magnetic particles is reduced. Since the
molar amount of the functional film on the particles is minute,
the conversion yield of lactate to pyruvate is negligible.
Attraction of the magnetic particles to the electrode enables
the electrochemical regeneration of NAD� by the electro-
chemical oxidation of PQQH2 to PQQ and further oxidation
of NADH to NAD�. This enables the continuous cyclic
oxidation of lactate to pyruvate. Retraction of the magnetic
particles from the electrode blocks the electrochemical
regeneration of NAD� and the bioelectrocatalyzed oxidation
of lactate is switched off. Figure 6 shows the magneto-
switchable bioelectrocatalyzed oxidation of lactate to pyru-
vate. Positioning of the magnet below the electrode (points a)
activates the oxidation of lactate with a rate that corresponds
to approximately 0.13m�min�1. Retraction of the magnetic
particles from the electrode by the positioning of the external
magnet above the cell (points b) blocks the biocatalyzed
oxidation of lactate.
An important question that should be addressed in our


discussion relates to the potential practical utility of such
systems, beyond the demonstration of the concept of magne-
to-switchable bioelectrocatalysis. We examined the possibility
to use magneto-switchable bioelectrocatalysis for the devel-
opment of bifunctional electrocatalytic sensors, in which the
selective electrochemical sensing of one substrate out of two
target analytes is possible. The electrochemical sensing of two
different substrates in a mixture, in the presence of two
different redox-enzymes, is a general problem in bioelectron-
ics. For example, the specific analysis of a substrate in a


Scheme 3. Magneto-switched bioelectrocatalytic oxidation of lactate in the presence of lactate dehydrogenase
(LDH) and magnetic particles functionalized with PQQ-NAD�.
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Figure 6. Formation of pyruvate upon the bioelectrocatalytic oxidation of
lactate (0.1�) in the presence of lactate dehydrogenase (2 mgmL�1) and
PQQ±NAD�-functionalized magnetic particles with a potential of E�
0.05 V applied on the electrode. Curve a: The magnetic particles are
attracted to the electrode surface. Curve b: The magnetic particles are
retracted from the electrode surface. Inset: Reversible changes of the rate
of the bioelectrocatalytic formation of pyruvate upon the magnetic
switching (™ON∫: points a; ™OFF∫: points b) of the biocatalytic process.
The data were recorded in Tris-HCl buffer (0.1�, pH 7.0) and CaCl2
(10 m�) under argon.


mixture of two substrates that are oxidized at close oxidation
potentials is difficult, since the amperometric response is the
sum of two simultaneously operating bioelectrocatalyzed
transformations. Previous studies[43] have suggested the use
of photoswitchable redox enzymes to resolve the problem.
That is, by the use of two enzymes, whereby one of the
biocatalysts is photo-switched to an ™OFF∫ state and one of
the substrates is selectively analyzed by the non-photoactive
enzyme. The subsequent photoactivation of the second
enzyme to the ™ON∫ function leads to the cumulative
amperometric response resulting from the bioelectrocata-
lyzed oxidation of the two substrates. The subtraction of the
amperometric response, which results from the single-enzyme
operation, from the latter amperometric response yields the
amperometric signal that corresponds to the bioelectrocata-
lyzed oxidation of the second substrate. The magnetic
attraction or retraction of magnetic particles that activate or
deactivate a bioelectrocatalyzed transformation at the elec-
trode, respectively, enables the compartmentalization of two
redox transformations. This is exemplified with the specific
analysis of glucose or lactate in the presence of the two
enzymes glucose oxidase (GOx), and lactate hydrogenase
(LDH), respectively, Scheme 4. An Au electrode is modified
with a ferrocene-functionalized monolayer. This redox-active
monolayer acts as a mediator for the activation of GOx
towards the bioelectrocatalyzed oxidation of glucose. The
magnetic particles are modified with a PQQ±NAD� mono-
layer, which acts as the catalyst ± cofactor component for
the regeneration of the NAD�-cofactor and the activation of
the bioelectrocatalyzed oxidation of lactate by LDH (vide
supra). Figure 7A shows the cyclic voltammogram of the
ferrocene-monolayer-functionalized electrode when the mag-


Scheme 4. Magneto-controlled dual biosensing of glucose and lactate in
the presence of glucose oxidase (GOx), lactate dehydrogenase (LDH),
magnetic particles functionalized with PQQ-NAD�, and an Au-electrode
modified with a monolayer of ferrocene units.


Figure 7. A) Cyclic voltammogram of the ferrocene-monolayer-function-
alized Au electrode when the NAD�-PQQ-functionalized magnetic
particles are retracted from the electrode by the external magnet. B)
Cyclic voltammogram of the ferrocene-monolayer-functionalized Au
electrode in the presence of the NAD�-PQQ-functionalized magnetic
particles attracted to the electrode by the magnet. The data were recorded
under argon in the presence of the magnetic particles (20 mg) in Tris-HCl
buffer (0.1�, pH 7.0), CaCl2 (10 m�). Potential scan rate, 100 mVs�1.


neticparticles are retracted from the electrode by positioning
of the external magnet above the cell. The quasi-reversible
redox wave of the ferrocene units is observed at Eo� 0.32 V,
the potential at which the bioelectrocatalyzed oxidation of
glucose occurs. Figure 7B shows the cyclic voltammogram of
the system when the modified magnetic particles are attracted
to the ferrocene-monolayer-functionalized electrode by
means of the external magnet. Two quasi-reversible redox
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waves are observed at Eo��0.13 V and Eo� 0.32 V; these
potentials correspond to the PQQ units of the PQQ±NAD�-
functionalized magnetic particles and the ferrocene units
associated with the electrode, respectively. Thus, by the
retraction of the magnetic particles from the electrodes, the
selective bioelectrocatalyzed oxidation of glucose may be
stimulated by the application of a potential of E� 0.32 V
which is capable of oxidizing the ferrocene monolayer.
Attraction of the magnetic particles to the electrode by
means of the external magnet, and the application of a
potential that is less positive than the redox potential of the
ferrocene monolayer, but sufficiently positive to oxidize the
PQQ units, �0.13�E� 0.32 V (see Scheme 4), results in the
selective oxidation of lactate.
Figure 8A, curve b, shows the selective bioelectrocatalyzed


oxidation of glucose by the ferrocene-monolayer-functional-
ized electrode in the presence of GOx and LDH and the two
substrates, glucose and lactate, in solution when the modified
magnetic particles are retracted from the electrode by means
of the external magnet positioned above the electrochemical
cell. An electrocatalytic anodic current is observed at the
potential characteristic of the ferrocene monolayer; this
indicates that the bioelectrocatalyzed oxidation of glucose
proceeds effectively. The inset in Figure 8A shows the
amperometric responses of the system in the presence of
variable concentrations of glucose (curve a) and lactate
(curve b), with the applied potential on the electrode corre-
sponding to E� 0.5 V. Clearly, the system reveals selectivity


towards the oxidation of glucose when the external magnet is
positioned above the cell and the magnetic particles are
retracted from the electrode. Figure 8B shows the cyclic
voltammograms of the system that includes the ferrocene-
functionalized electrode, GOx, LDH, and the substrates
glucose and lactate, when the PQQ±NAD�-modified par-
ticles are attracted to the electrode support and the potential
applied on the electrode is limited to the range �0.36 V to
�0.15 V. In this potential range, the ferrocene units are
electrochemically inactive, but the PQQ components reveal
redox activity. An electrocatalytic anodic current is observed
at E�� 0.13 V, the redox potential of the PQQ units,
implying that the PQQ-mediated bioelectrocatalyzed oxida-
tion of lactate proceeds in the system. The inset in Figure 8B
shows the amperometric responses of the system upon the
interaction of the ferrocene-functionalized electrode with the
magnetically-associated particles in the presence of variable
concentrations of lactate (curve a) and glucose (curve b), with
a potential applied on the electrode of E� 0.05 V. Clearly, the
system responds to the addition of lactate, but is insensitive to
the addition of glucose. This is consistent with the fact that at
this potential the ferrocene units are redox inactive and,
consequently, the mediated bioelectrocatalyzed oxidation of
glucose is blocked. On the other hand, at this applied
potential, the bioelectrocatalyzed oxidation of lactate by the
NAD�-dependent enzyme LDH is effectively stimulated.
Biocatalyzed oxidation of lactate to pyruvate yields the
reduced NADH cofactor, which is oxidized by the PQQ units


to NAD�, on the functionalized
particles. The electrochemical
oxidation of the generated
PQQH2 drives the continuous
electrochemical regeneration
of the NAD�-cofactor and the
coupled biocatalyzed oxidation
of lactate to pyruvate. Thus, the
system enables the reversible
and cyclic selective analysis of
lactate or glucose by means of
an external magnetic field.


Conclusion


The report has discussed the
development of the new con-
cepts of magneto-switchable
electrocatalysis and bioelectro-
catalysis. Mechanical transloca-
tion of chemical components
associated with magnetic parti-
cles, by means of an external
magnetic field, is a common
practice in the separation, con-
centration and transport of
chemical components.[44] The
approach developed by us cou-
ples an interfacial electron
transfer to a magneto-con-


Figure 8. A) Cyclic voltammograms of the ferrocene-monolayer-functionalized Au-electrode when the NAD�-
PQQ-functionalized magnetic particles are retracted from the electrode by the external magnet. Curve a: In the
presence of GOx (1 mgmL�1) and LDH (2 mgmL�1). Curve b: In the presence of GOx (1 mgmL�1), LDH
(2 mgmL�1), glucose (50m�), and lactate (20m�). Inset: Calibration plot of the amperometric response of the
system with the magnet in the ™up∫ position and the applied potential E� 0.50 V. Curve a: At different
concentrations of glucose. Curve b: At different concentrations of lactate. B) Cyclic voltammograms of the
ferrocene-monolayer-functionalized Au electrode in the presence of the NAD�-PQQ-functionalized magnetic
particles attracted to the electrode by the magnet. Curve a: In the presence of GOx (1 mgmL�1) and LDH
(2 mgmL�1). Curve b: In the presence of GOx (1 mgmL�1), LDH (2 mgmL�1), glucose (50m�), lactate (20m�).
Inset: Calibration plot of the amperometric responses of the system with the magnet in the ™down∫ position and
the applied potential E� 0.05 V. Curve a: At different concentrations of lactate. Curve b: At different
concentrations of glucose. The data were recorded under argon in the presence of the magnetic particles (20 mg)
in Tris-HCl buffer (0.1�, pH 7.0), CaCl2 (10 m�). Potential scan rate, 5 mVs�1.
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trolled translocation of magnetic particles functionalized with
redox-active components. The ability to trigger the redox
functionalities of the electroactive components associated
with the magnetic particles establishes a novel switching
system, whereby magnetic signals recorded by the system are
electronically transduced by the electrochemical response of
the assembly.
The present study has addressed the magneto-switchable


functions of enzymes by the application of electron relay-
modified or relay-cofactor-functionalized magnetic particles.
We have demonstrated that magneto-switchable bioelectro-
catalysis can be applied to develop multisensor devices for the
selective electrochemical analysis of different substrates.
Although it is difficult to define the broad perspectives of
magneto-switchable electrocatalysis and bioelectrocatalysis at
this stage, one may envisage some potential future applica-
tions of such systems in designing magnetic valves that control
the electrochemical generation or uptake of chemical ingre-
dients in reactors, or magnetic valves that trigger the switch-
able electrochemical generation and transport of therapeutic
compounds. Biological and redox-active species attached to
magnetic particles can also find broad applications in
immunosensors and DNA sensors.[45]


Experimental Section


Chemicals : N-Methyl-N�-(dodecanoic acid)-4,4�-bipyridinium (5),[46] N-
(ferrocenylmethyl)- aminohexanoic acid (4)[14b] and N6-(2-aminoethyl)-�-
nicotinamide adenine dinucleotide (amino-NAD� ; 6)[47] were synthesized
and purified as described before. Glucose oxidase (GOx, E.C. 1.1.3.4 from
Aspergillus niger), nitrate reductase (NR, E.C. 1.6.6.2 from Aspergillus
species), lactate dehydrogenase (LDH, E.C. 1.1.1.27 from rabbit muscle,
type II), microperoxidase-11, pyrroloquinoline quinone (PQQ), 4-(2-hy-
droxyethyl)piperazine- 1-ethanesulfonic acid sodium salt (HEPES), tris-
(hydroxymethyl)aminomethane hydrochloride (Tris), 1-ethyl-3-(3-dime-
thylaminopropyl)-carbodiimide (EDC), and all other chemicals were
purchased from Aldrich or Sigma and used as supplied. Ultrapure water
from a ™Seralpur Pro 90 CN∫ source was used in all experiments.


Magnetic particles–preparation and modification : Magnetic particles
(Fe3O4, saturated magnetization ca. 65 emug�1), with an approximate
average diameter of 1 �m, were prepared according to the published
procedure[48] without including the surfactant into the reaction medium.
The magnetic particles were silanized with [3-(2-aminoethyl)aminopro-
pyl]trimethoxysilane (5% v/v) in dry toluene for 2 h under reflux. N-
(Ferrocenylmethyl)aminohexanoic acid (4 ; 1� 10�3�), N-methyl-N�-(do-
decanoic acid)-4,4�-bipyridinium (5 ; 1� 10�3�), pyrroloquinoline quinone
(PQQ, 2 ; 1� 10�3�), or microperoxidase-11, (3 ; 1� 10�4�) were covalently
linked to the amino-functionalized magnetic particles (100 mg) suspended
in HEPES buffer (5 mL, 0.1�, pH 7.2) in the presence of EDC (5� 10�3�)
as a coupling reagent for 5 hours. The resulting redox-functionalized
magnetic particles were washed with water, separated with a centrifuge,
and dried in a dessicator. The PQQ-functionalized magnetic particles
(50 mg) were further reacted with amino-NAD� (6 ; 1� 10�4�) in HEPES
buffer (5 mL, 0.1�, pH 7.2) in the presence of EDC (5� 10�3�) for 5 hours,
washed with water, separated with a centrifuge, and dried. 2,3-Dichloro-
1,4-naphthoquinone (1; 200 mg suspension in 100 mL ethanol) was treated
with the amino-functionalized magnetic particles (100 mg) upon reflux
overnight. The resulting aminonaphthoquinone-modified magnetic parti-
cles were washed with ethanol, then with water and dried in a dessicator.


Electrochemical measurements : Cyclic voltammetry, differential pulse
voltammetry, and constant potential electrolysis were performed by using
an electrochemical analyzer (EG&G, VersaStat) linked to a computer
(EG&G software 270/250). The Au-coated (50 nm gold layer) glass plate
(Analytical-�System, Germany) was used as a working electrode (0.3 cm2


area exposed to the solution). An electrochemical cell (1 mL), made up of
an Au-plate working electrode in a horizontal position at the bottom of the
cell, a glassy carbon auxiliary electrode, and a saturated calomel electrode
(SCE), was used for the electrochemical measurements. The potentials are
reported versus SCE. A 5 mm diameter magnet (NdFeB/Zn-coated magnet
with a remanent magnetization of 10.8 kG) was used to move the modified
magnetic particles. A special holder allows the placement of the external
magnet below the bottom of the cell, allowing the magnetic particles to be
attracted to the working electrode, or above the cell, allowing the retraction
of the magnetic particles from the working electrode.


Most of the experiments were performed with a bare Au working electrode.
Two kinds of Au-modified working electrodes were employed in the
specifically mentioned experiments. A mercaptohexanol-functionalized
surface was prepared by treatment of an Au electrode with mercaptohex-
anol (1� 10�3�) in ethanol for 2 hours, followed by rinsing the surface with
ethanol. A ferrocene-monolayer-functionalized Au-electrode was obtained
in the following way. AnAu electrode was soaked in a solution of cystamine
in water (0.02�) for 2 hours and was then washed with water. The resulting
electrode was treated with 4 (1� 10�3�) in HEPES buffer (0.1�, pH 7.2) in
the presence of EDC (5� 10�3�) for 2 hours, and then washed with water.
Analysis of products of the biocatalytic reactions : The bioelectrocatalytic
reduction of NO3


� ions (1m� KNO3 in 0.1� phosphate buffer, pH� 7.0)
was performed by the application of a potential of E��0.7 V on the
working electrode in the presence of nitrate reductase (5 units per mL) and
5-functionalized magnetic particles, which were magnetically attracted to
the electrode surface, under argon. Nitrite formed upon the bioelectroca-
talytic reduction of nitrate was determined by a spectrometric method
based on the diazotation of sulphanylamide and coupling with N-1-
naphthylethylenediamine dihydrochloride.[49] Samples (25 �L) of the cell-
solution were taken at certain time intervals during the electrolysis and
placed in a cuvette. Then 1 mL of each of the reagents was added, and the
absorption at �� 540 nm was measured after 10 minutes. Using an
appropriate calibration curve, the amounts of NO2


� at certain time
intervals during the electrolysis were determined.


The bioelectrocatalyzed oxidation of lactate (1m� lactic acid in 0.1� Tris-
HCl buffer, pH 7.0, CaCl2, 10m�) was performed by the application of a
potential corresponding to E� 0.05 V on the working electrode in the
presence of LDH, 2 mgmL�1, and NAD�-PQQ-functionalized magnetic
particles attracted by the external magnet to the electrode surface, under
argon. Samples (25 �L) of the cell solution were taken at several time
intervals during electrolysis, and pyruvate formed upon the bioelectroca-
talytic oxidation of lactate was analyzed by HPLC (Shodex KC-811 anionic
exchange column, eluent 0.1% H3PO4, UV-detector �� 210 nm).
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Easy and Regioselective Synthesis of Highly Functionalized
o-Quinodimethide Precursors from Fischer Carbene Complexes and
Isocyanides


Jose¬ Barluenga,* Fernando Aznar, and M. Angel Palomero[a]


Abstract: Highly functionalized cis- and
trans-1,2-bis(trialkylsilyloxy)benzocy-
clobutene derivatives have been synthe-
sized in a completely regioselective
fashion from easily available Fischer
alkenylcyclobutenyl(alkoxy)carbene
complexes and isocyanides. This meth-
odology can be viewed as an alternative
to existing methods of synthesis of this


kind of compounds and overcomes the
main problem of introducing function-
ality in the aromatic ring. Both cis and
trans derivatives underwent the expect-


ed fragmentation to generate o-quino-
dimethide intermediates upon thermal
treatment, affording complex polycyclic
structures in a stereoselective manner
when heating was carried out in the
presence of a range of electron deficient
dienophiles.


Keywords: carbene ¥ cycloaddition
¥ isocyanides ¥ o-quinodimethide
intermediates


Introduction


o-Quinodimethide intermediates have gained increasing in-
terest for synthetic chemists since their early discovery in
1956.[1] Due to their remarkable reactivity in Diels ± Alder
cycloadditions, these substrates have been successfully ap-
plied to the synthesis of a broad range of complex polycyclic
systems, including natural products such as alkaloids, steroids,
anthracyclines or terpenes.[2] The most commonly used
method to obtain o-quinodimethides involves the thermally
promoted fragmentation of benzocyclobutenes.[3] The main
drawback of this protocol is that the isomerization sometimes
requires very high temperatures and, therefore, it is not
compatible with certain dienophiles that are unstable in the
harsh reaction conditions.[4] In order to perform intermolec-
ular Diels ± Alder processes of o-quinodimethides in condi-
tions that allow the general use of various different dien-
ophiles, Danishefsky and co-workers have recently synthe-
sized several trans-1,2-bis(trialkylsilyloxy)benzocyclobutenes;
these generated the corresponding o-quinodimethide inter-
mediates at unusually low temperatures, even 40 �C in some
cases.[5]


Although there are several methods available for the
preparation of benzocyclobutene derivatives, most of the


described approaches employ pre-formed aromatic rings as
starting materials.[3] This imposes a limitation on the intro-
duction of functionality in the benzene moiety. Specifically,
trans-1,2-bis(trialkylsilyloxy)benzocyclobutene derivatives
have been prepared by means of a seven-step synthetic
sequence starting from anthranilic acid.[5a, 6] Consequently, it
is not straightforward to extend this procedure to highly
functionalized systems.


Fischer carbene complexes have proven to be very useful
starting materials for the preparation of differentially sub-
stituted aromatic rings by benzannulation processes.[7] Thus,
the well-known Dˆtz reaction involving aryl or alkenyl
complexes and alkynes yields p-alkoxyphenol derivatives,[8]


becoming one of the most widely synthetically applied
reaction of Fischer complexes. On the other hand, the
photochemically or thermally driven cyclization of alkenyl-
carbene complexes with a pendant additional double bond
(1,3,5-metallahexatrienes)[9] leads to o-alkoxy- or o-amino-
phenol derivatives.[10] The tandem isocyanide metathesis[11] ±
electrocyclization process of metallahexatrienes allows the
synthesis of 1-alkoxy-2-amino-,[12] 1-amino-4-phospho-[13] or
1,4-diamino-2-alkoxybenzene[14] derivatives in a regioselec-
tive fashion starting from appropriate substituted substrates
(Scheme 1).


In our research group we have recently synthesized
alkenylcyclobutenyl(alkoxy)carbene complexes by means of
a [2� 2] cycloaddition of alkenylethynyl(alkoxy)carbene
complexes and enol ethers.[10d, 15] These novel cis-metallahex-
atrienes, in contrast to most reported analogous substrates,
were stable at room temperature; this enabled their isolation
and the performance of further studies of their reactivity, such
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Scheme 1. Benzannulation reactions of Fischer carbene complexes.


as their thermal behavior towards alkynes.[16] The availability
of stable dienyl complexes encouraged us to explore their
reaction towards isocyanides. We envisaged that, given that
the starting materials contained a cyclobutene moiety in their
structure, if the expected benzannulation process took place,
it would provide an easy and convenient method for the
preparation of substituted benzocyclobutene derivatives in a
regioselective manner.


Herein we report the reaction of alkenylcyclobutenyl(alk-
oxy)carbene complexes and isocyanides, the chemical mod-
ifications carried out on the resulting benzocyclobutenes to
reach cis- and trans-1,2-bis(trialkylsilyloxy)benzocyclobutene
derivatives and their Diels ± Alder cycloaddition with a range
of electronically deficient dienophiles. We also report the
thermal behavior towards methanol of several substituted
benzocyclobutenedione derivatives which have been pre-
pared as precursors of trans-1,2-bis(trialkylsilyloxy)benzocy-
clobutenes.


Results and Discussion


Preparation of alkenylcyclobutenyl(alkoxy)carbene com-
plexes : According to the general procedure described in the
literature for [2� 2] cycloadditions of Fischer alkynyl com-


plexes and enol ethers or ketene acetals,[17] reactions involving
2,3-dihydrofurane, 2-methoxypropene, 1-methoxy-2-methyl-
1-trimethylsilyloxypropene, 2,2-dimethyl-1,3-dioxole and
1,1,2,2-tetramethoxyethene were carried out by stirring car-
bene complex 1 in an excess of the corresponding alkene
under nitrogen atmosphere until the reaction was complete;
typically within 2 to 24 hours. However, the reaction of
carbene complex 1d with 1,1-dimethoxyethene had to be
performed in a solution of dichloromethane because it was
too exothermic to be carried out neat. All cycloadducts were
isolated in moderate to high yields by flash chromatography
and were found to be stable at room temperature (Scheme 2,
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Scheme 2. Synthesis and reactivity towards isocyanides of Fischer (alke-
nylcyclobutenyl)(alkoxy)carbene complexes.


Table 1); except for 3 i, which resulted from the reaction of 1d
with 1,1-dimethoxyethene and decomposed under the stand-
ard purification conditions so 3 i had to be used directly in the
next reaction step (Table 1, entry 9). Complexes 3 j and 3k


also underwent partial decomposition upon column chroma-
tography, possibly due to the trimethylsilyl moiety cleavage,
but they could be isolated in reasonable yields (Table 1,
entries 10, 11). The best results were obtained when 1,1,2,2-
tetramethoxyethene was used (Table 1, entries 12 ± 16). This
result is in agreement with the previously reported behavior
of this alkene in [2� 2] cycloaddition reactions with Fischer
alkynyl complexes.[18]


Preparation of o-alkoxyaniline derivatives by metathesis of
(alkenylcyclobutenyl)alkoxycarbene complexes and isocya-


Abstract in Spanish: Se han sintetizado varios 1,2-bis(trial-
quilsililoxi)benzociclobutenos con configuracio¬n relativa cis o
trans y con alta funcionalizacio¬n en el anillo aroma¬tico a partir
de complejos alcoxi(alquenilciclobutenil)carbeno de Fischer e
isonitrilos. La metodologÌa aquÌ desarrollada puede conside-
rarse una alternativa interesante a los me¬todos de sÌntesis de
este tipo de compuestos descritos hasta la fecha, ya que permite
introducir regioselectivamente sustituyentes en el anillo aro-
ma¬tico de los benzociclobutenos. Tanto los derivados con
configuracio¬n cis como trans experimentaron la esperada
fragmentacio¬n te¬rmica para conducir diastereoselectivamente a
los correspondientes o-quinodimetanos. La posterior cicloadi-
cio¬n [4� 2] con dieno¬filos electro¬nicamente deficientes pre-
sentes en el medio de reaccio¬n condujo a policiclos de
estructura compleja de forma completamente diastereoselecti-
va.


Table 1. Preparation of (alkenylcyclobutenyl) complexes 3.


1 M R1 R2 R3 R5 R4[a] R6 3 Yield
[%]


1 1a W Me Ph -CH2CH2- H H 3a 64
2 1b Cr Me Ph -CH2CH2- H H 3b 83
3 1c W -CH2CH2CH2- -CH2CH2- H H 3c 85
4 1d Cr -CH2CH2CH2- -CH2CH2- H H 3d 93
5 1d Cr -CH2CH2CH2- -C(CH3)2O- H H 3e 78
6 1e Cr -CH2CH2CH2CH2- -C(CH3)2O- H H 3 f 79
7 1 f Cr H Ph -C(CH3)2O- H H 3g 89
8 1d Cr -CH2CH2CH2- Me H Me H 3h 68
9 1d Cr -CH2CH2CH2- Me H OMe H 3 i [b]


10 1b Cr Me Ph Me Me OTMS Me 3j 56
11 1d Cr -CH2CH2CH2- Me Me OTMS Me 3k 64
12 1d Cr -CH2CH2CH2- MeO MeO MeO MeO 3 l 98
13 1e Cr -CH2CH2CH2CH2- MeO MeO MeO MeO 3m 87
14 1g Cr -CH2OC(CH3)2OCH2- MeO MeO MeO MeO 3n 71
15 1 f Cr H Ph MeO MeO MeO MeO 3o 88
16 1h Cr -OCH2CH2CH2- MeO MeO MeO MeO 3p 91


[a] TMS� trimethylsilyl. [b] Not isolable.
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nides : Treatment of carbene complexes 3 with two equivalents
of tert-butyl- or benzylisocyanide in tetrahydrofuran at room
temperature regioselectively afforded the expected o-me-
thoxyaniline derivatives 5 in short reaction times and with
good to excellent yields (Scheme 2, Table 2). The behavior of
systems 3 towards isocyanides has shown to be analogous to
that described in the bibliography for other Fischer carbene
complexes bearing an additional cis-double bond in their
structure.[11, 12a]


Reactions of complexes 3 and isocyanides proceeded in
milder conditions (room temperature) and shorter reaction
times than those of previously described substrates,[12±14] which
could be easily rationalized since, in this case, none of the
double bonds involved in the electrocyclization step belonged
to an aromatic ring.


Benzannulations were not sensitive to changes in the
solvent: Comparable results were observed when THF,
diethyl ether, dichloromethane or toluene were used. THF
was usually chosen and results displayed in Table 2 refer to
reactions carried out in this solvent. The reaction exhibited
high generality for differently substituted starting complexes
and proceeded both with chromium and tungsten systems.
However, chromium complexes were preferentially used
because they led to higher yields of aniline derivatives in
shorter reaction times (Table 2, entries 1/2, 3/4). Stoichio-
metrical amounts of complex R7NC-M(CO)5 were always
obtained as side products, but they could be either oxidized by
exposure to air and sunlight or separated from compounds 5
by column chromatography.


The preparation of aniline derivative 5g was accomplished
by reaction of unstable metallahexatriene 3 i and benzyliso-
cyanide (Scheme 3, Table 2, entry 10). Once [2� 2] cyclo-
addition of carbene complex 1d and 1,1-dimethoxyethene was
completed, the solvent and the excess of olefin were removed
in vacuo and replaced by THF, and the crude mixture was


Cr(CO)5MeO


MeO OMe
O


OMe
NHBn


OMe


Cr(CO)5
MeO


MeO
CH2Cl2


a)


 b)


1d 5g3k


Scheme 3. Preparation of aniline derivative 5j from unstable 1,3,5-metal-
lahexatriene 3k. a) BnNC, THF; b) silica gel.


treated with two equivalents of benzylisocyanide at room
temperature. The final aniline derivative 5g was isolated after
hydrolysis of the dimethylacetal protective group during
chromatographic purification. Compounds 5h and 5 i under-
went only partial hydrolysis of the methyl(trimethylsilyl)ace-
tal moiety in the column chromatography, the same as had
been observed for their precursors 3 j and 3k. The whole
conversion of 5 j in the carbonyl derivative 6 was achieved by
treatment with K2CO3 in a mixture of THF/H2O at room
temperature for 15 minutes (89 % yield).


Preparation of cis- and trans-1,2-bis(trialkylsilyloxy)benzocy-
clobutene derivatives : Once a regioselective and high-yield-
ing process had been developed for the preparation of
substituted benzocyclobutene scaffolds, we carried out the
conversion of the the initially obtained systems 5 in o-
quinodimethide precursors bearing two trialkylsilyloxy func-
tionalities in both sp3 carbons. Such compounds were ad-
equate for our purposes since they were analogous to those
described by Danishefsky and co-workers and, therefore,
were expected to undergo electrocyclic ring-opening in mild
conditions.[5] So far, only benzocyclobutenes with trans-
disposed silyloxy groups have been tested in tandem frag-
mentation Diels ± Alder processes. However, given that our
methodology allowed the synthesis of cis and trans derivatives
starting from compounds 5, we decided to prepare both in
order to compare their reactivity.


cis-1,2-Bis(trialkylsilyloxy)benzocyclobutene derivatives 7
were obtained from 1,3-dioxol-fused benzocyclobutenes 5c ± e
by successive cleavage of the acetal functionality and protec-
tion of the resulting hydroxyl groups. Both transformations
were accomplished by conventional procedures (Scheme 4,
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Scheme 4. Preparation of cis-1,2-bis(trialkylsililoxy)benzocyclobutene de-
rivatives 7. a) TFA, THF, H2O; b) i) for PG�TMS: THF, TMSCl, NEt3,
RT, 12 h; ii) for PG�TBS: MeCN, TBSCl, imidazole, RT, 12 h.


Table 3): The first step consisted of the treatment of aniline
derivatives 5c ± e with trifluoroacetic acid (TFA) in a mixture
THF/H2O 10:1 at room temperature and afforded the
corresponding 1,2-diols. These compounds were directly
treated with either trimethylsilyl chloride (TMSCl)/triethyl-


Table 2. Preparation of aniline derivatives 5.


3 R7[a] 5 Yield [%][b]


1 3a tBu 5a 88[c]


2 3b tBu 5a 94
3 3c Bn 5b 78[c]


4 3d Bn 5b 86
5 3e tBu 5c 78
7 3 f Bn 5d 67
8 3g tBu 5e 98
9 3h tBu 5 f 85


10 3 i Bn 5g 52[d]


11 3j tBu 5h 65
12 3k Bn 5 i 59
13 3 l tBu 5 j 85
14 3m Bn 5 l 76
15 3n tBu 5m 92
16 3o Bn 5n 82
17 3p tBu 5o 97


[a] tBu� tert-butyl, Bn� benzyl. [b] Reaction conditions: 2 equiv R7NC,
THF, room temperature, 15 min. [c] Reaction time: 1 h. [d] Yield of the
one-pot reaction starting from alkynyl complex 1d. 5g was characterized
after deprotection of the acetal group.
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amine or tert-butyldimethylsilyl chloride (TBSCl)/imidazole,
depending on the protective group required in each case.


On the other hand, trans-1,2-bis(trialkylsilyloxy)benzocy-
clobutene derivatives 8 were synthesized from compounds
5 j, l, n, o bearing two dimethylacetal functionalities in the
cyclobutene ring. The experimental procedure involved
hydrolysis of the acetal moieties with TFA, in a mixture
THF/H2O 10:1, to yield cyclobutenodione derivatives 9,
reduction of the carbonyl groups with NaBH4 in methanol
to afford almost exclusively the corresponding trans-1,2-
diols[19] and silylation of the hydroxyl groups, which was
carried out under the aforementioned conditions employed
for compounds 7 (Scheme 5, Table 4).
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Scheme 5. Preparation of benzocyclobutenedione derivatives 9 and trans-
1,2-bis(trialkylsililoxy)benzocyclobutene derivatives 8. a) TFA, THF, H2O;
b) 1. NaBH4, MeOH; 2. i) for PG�TMS: THF, TMSCl, NEt3, RT, 12 h;
ii) for PG�TBS: MeCN, TBSCl, imidazole, RT, 12 h.


This methodology has enabled the preparation of highly
substituted benzocyclobutene derivatives 7, 8 and 9 by means
of a synthetic route that involved no more than five steps
starting from carbene complexes 1 and alkenes. Therefore, it
can be considered as an alternative to previously reported
routes to this kind of compounds, the main advantage of this
method being that it regioselectively furnishes very highly
functionalized o-quinodimethide precursors which would be
difficult to prepare by conventional procedures.


Diels ±Alder reactions of trans-1,2-bis(trialkylsilyloxy)benzo-
cyclobutene derivatives : The only difference between com-
pounds 8 and those prepared by Danishefsky and co-workers
is the substitution in the aromatic ring. Given that it has been
established that a peri-methoxy group hinders the electro-
cyclic ring opening, thus increasing the temperature required
for the tandem process electrocyclization-Diels ± Alder reac-
tion, we did not expect systems 8 to undergo the reaction at
temperatures so low as Danishefsky×s benzocyclobutenes did.


Thermal treatment of 8d in benzene in the presence of
three equivalents of methyl propiolate was carried out at
different temperatures between 40 and 80 �C, recovering the
starting material in all cases. We then attempted further
heating using toluene as the solvent, and bicyclic compound
10 was finally obtained as a 1:1 mixture of regioisomers upon
refluxing for 12 hours (Scheme 6, Table 5, entry 1). Reaction
of benzocyclobutenes 8b, f with dimethyl acetylendicarbox-
ylate (DMAD) in the same conditions afforded compounds
11a, b (Scheme 6, Table 5, entries 2 and 9). Their structure
was elucidated on the basis of COSY, HMQC, HMBC and
NOESY experiments. Aromatized compounds 11 were gen-
erated from the elimination of one of the two tert-butyldime-
thylsilyloxy groups. This regioselectivity should be rational-
ized by electronical effects and can not be attributed to steric
reasons.[20] The remaining tert-butyldimethylsilyl moiety could
be easily removed by using tetrabutylammonium fluoride
(TBAF) in THF at room temperature, yielding naphthol
derivative 12 (Scheme 6, Table 5, entry 2).
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Scheme 6. Thermal reaction of compounds 8 and methyl propiolate or
DMAD. i) HCCCO2Me, toluene, reflux; ii) DMAD, toluene, reflux; iii)
TBAF, THF/H2O, RT.


Table 3. Preparation of cis-benzocyclobutenes 7.


R1 R2 R3 PG[a] 7 Yield [%][b]


1 -CH2CH2CH2- tBu TMS 7a 76
2 -CH2CH2CH2- tBu TBS 7b 62
3 -CH2CH2CH2CH2- tBu TBS 7c 68
4 -CH2CH2CH2CH2- Bn TBS 7d 62
5 H Ph tBu TBS 7e 86


[a] TMS� trimethylsilyl, TBS� tert-butyldimethylsilyl. [b] Yield from
starting complexes 5.


Table 4. Preparation of benzocyclobutenediones 9 and trans-benzocyclo-
butenes 8.


R1 R2 R3[a] 9 Yield
[%]


PG[b] 8 Yield
[%][c]


1 -CH2CH2CH2- tBu 9a 85 TMS 8a 63
2 -CH2CH2CH2- tBu 9a 85 TBS 8b 56
3 -CH2CH2CH2CH2- Bn 9b 61 TMS 8c 64
4 -CH2CH2CH2CH2- Bn 9b 61 TBS 8d 86
5 H Ph Bn 9c 84 TMS 8e 59
6 H Ph Bn 9c 84 TBS 8 f 54
7 -OCH2CH2CH2- tBu 9d 61 TBS 8g 33


[a] tBu� tert-butyl, Bn� benzyl. [b] TMS� trimethylsilyl, TBS� tert-bu-
tyldimethylsilyl. [c] Yield from compounds 9.


Table 5. Thermal treatment of trans-benzocyclobutene derivatives 8.[a]


8 Dienophile Product Yield [%]


1 8b HCCCO2Me 10 62[b]


2 8b DMAD 11a 82[c]


3 8a p-benzoquinone 14a 67
4 8b p-benzoquinone 14a 72
5 8a N-phenylmaleimide 15a 86
6 8b N-phenylmaleimide 15b 84
7 8c N-phenylmaleimide 15c 73
8 8d N-phenylmaleimide 16 49[d]


9 8 f DMAD 11b 85
10 8 f p-benzoquinone 13 40


14b 45
11 8e N-phenylmaleimide 15d 82
12 8 f N-phenylmaleimide 15e 82


[a] Reaction conditions: 3 ± 5 equivalents of dienophile, toluene, reflux,
12 h. [b] Equimolar inseparable 1:1 mixture of diastereomers. [c] 11a was
transformed in 12a by treatment with TBAF in THF/H2O (94 %).
[d] Reaction time� 72 h.
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When p-benzoquinone was used as dienophile, the expect-
ed Diels ± Alder cycloadduct of the initially formed o-
quinodimethides was not observed. Instead, the reaction gave
rise to two types of compounds derived from the mentioned
intermediate adduct: the oxidation product 13, as a single
diastereoisomer, and the aromatized system 14 (Scheme 7,
Table 5, entries 3, 4, 10).
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Scheme 7. Thermal reaction of compounds 8 and p-benzoquinone.
i) p-benzoquinone, toluene, reflux.


The last dienophile to be tested was N-phenylmaleimide.
From its reaction with 8 in refluxing toluene two different
products could be obtained (Scheme 8, Table 5, entries 5 ± 8,
11, 12): cycloadducts 15 are directly originated by [4� 2]
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Scheme 8. Thermal reaction of compounds 8 and N-phenylmaleimide.
Reaction conditions: toluene, reflux; i) R1R2 � (CH2)3, PG�TBS.


cycloaddition of o-quinodimethide intermediates with N-
phenylmaleimide, but 16 has undergone aromatization by
means of an elimination process in the reaction conditions.
The tendency to suffer aromatization was smaller for products
derived from N-phenylmaleimide than it had been for those
arising from reactions with p-benzoquinone. Indeed, only in
one case has compound 16 been observed (Table 5, entry 8).


In all the cases in which aromatization did not take place,
cycloadducts were obtained as single diastereoisomers. The
geometry of the prepared compounds did not allow us to infer
the relative configuration of the newly created stereocenters
from their spectroscopical data; thus it was necessary to
perform monocrystal X-ray analysis of tricyclic system 15a to
ensure that the spatial disposition of the substituents in that
substrate was that depicted in Scheme 8.[21] We assumed that
the relative stereochemistry experimentally found for 15a was
the same as of that of the remaining cycloadducts arising from
the thermal treatment of trans-benzocyclobutene derivatives
8 in the presence of suitable dienophiles. One proof was the
fact that the 1H NMR spectra of all polycycles showed similar
chemical shifts, multiplicity and coupling constants values for
analogous protons. This suggested that chemical environment


and dihedral angles were also similar in different structures,
thus supporting our proposition.


Once the relative stereochemistry of compounds 13 and 15
had been unraveled, it was possible to ascertain the stereo-
chemical course of the reactions from which they arose.
Initially, a conrotatory ring-opening of the cyclobutene
moiety afforded the corresponding (E,E)-quinone dimethide
in which presumably, the two bulky substituents have
torquoselectively rotated outwards.[22] Then, this intermediate
underwent diastereoselectively endo Diels ± Alder cycloaddi-
tion to furnish the final products as single diastereoisomers.
Both results are in agreement with those previously obtained
by Danishefsky and co-workers, concerning both the electro-
cyclic ring-opening and the [4� 2] cycloaddition processes.[5]


Diels ±Alder reactions of cis-1,2-bis(trialkylsilyloxy)benzocy-
clobutene derivatives : cis-Benzocyclobutenes 7 were expect-
ed to be much less reactive towards electrocyclic ring opening
than their trans-analogues given that, assuming a selective
conrotatory ring opening, they would give rise to (E,Z)-
quinodimethides. The presence of a cis-trialkylsilyloxy moiety
would impose serious steric hindrance in the transition state
of the electrocyclic ring-opening reaction and would imply a
higher temperature for the process to take place.


In order to find the optimal conditions for the tandem
electrocyclic ring opening-Diels ± Alder cycloaddition of o-
quinodimethide precursors 7 and suitable dienophiles, we
heated a solution of 7b and DMAD in toluene in a sealed tube
at temperatures in the range of 110 ± 160 �C, reaching the best
results at 160 �C. The product 11a obtained in this case was
identical to the one previously prepared by reaction of trans-
1,2-bis(trialkylsilyloxy)benzocyclobutene (8b) and DMAD
(Scheme 9, Table 6, entry 1). Again, it was observed that the
aromatization proceeded through regioselective elimination
of the tert-butyldimethylsilyloxy moiety which was closer to
the methoxy group. The lower yield achieved from 7b
compared with that obtained from 8b can be explained by
the higher temperatures and longer reaction times required in
this case. The alcohol protective group of compounds 11 was
readily removed by reaction with TBAF in THF. This strategy
enabled the purification of 12b which precursor 11b was not
easily separable from the impurities of the reaction by column
chromatography (Scheme 9, Table 6, entry 6). Treatment of
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Scheme 9. Thermal reaction of compounds 7 and DMAD. i) Methyl
propiolate, toluene, reflux; ii) DMAD, toluene, reflux; iii) TBAF, THF/
H2O, RT.
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benzocyclobutene 7e with DMAD in the same experimental
conditions afforded non-aromatized system 17 instead, in
good yield (Scheme 9, Table 6, entry 7).


Thermal treatment of compounds 7a, b in the same
conditions in the presence of an excess of p-benzoquinone
directly led to system 14a, which has undergone aromatiza-
tion through elimination reaction of both trialkylsilyloxy
groups (Scheme 10, Table 6, entries 2,3). Once again, yields
were lower than those obtained when trans-benzocyclobu-
tenes 8a,b were used as starting materials.
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160oC


Scheme 10. Thermal reaction of compounds 7 and p-benzoquinone. PG�
TMS, TBS.


When N-phenylmaleimide was used, different results were
observed depending on the susbtitution pattern of the starting
o-quinodimethide precursor 7. Thus, while systems 7a and 7b,
bearing a cyclopentane ring fused to the benzene moiety,
afforded products 18a and 18b ; compound 7e (with R1 �H)
gave rise to the mixture of diastereoisomers 18c and 19
(Scheme 11, Table 6, entries 4, 5, 8).


Once more, it was necessary to perform monocrystal X-ray
experiments to elucidate the relative stereochemistry of those
cycloadducts derived from cis-benzocyclobutenes 7 that had
not undergone aromatization upon thermal treatment (Ta-
ble 7). X-ray analyses of compounds 18c and 19 showed that
the spatial disposition of the substituents was that of the
structure shown in Scheme 11. The stereochemistry of the
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Scheme 11. Thermal reaction of compounds 7 and N-phenylmaleimide.
Reaction conditions: N-Phenylmaleimide, toluene, 160 �C, PG�TMS,
TBS.


remaining compounds 18 was assigned by analogy of the
spectroscopic data. Given the reasonable assumption that
similarities in the 1H NMR spectra of analogous species are
due to the same spatial disposition of their substituents, we
have inferred that compounds 18a,b, arising from the reaction
of 7a,b and N-phenylmaleimide, were stereochemically
related to 18c and not to 19.


The trans relative disposition of the tert-butyldimethylsily-
loxy groups in cycloadducts 18 suggested that they all came
from (E,Z)-dienes resulting from the expected conrotatory
ring opening of the cis-benzocyclobutenes.[22] In this case, the
two different dienes A and B can be formed in the electro-
cyclic ring-opening reaction (Figure 1). When assuming endo-
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Figure 1. Transition states of the endo-selective Diels ± Alder reaction of 7
leading to cycloadducts 18 and 19.


selective Diels ± Alder cycloaddition, the former would be
responsible for the formation of compounds 18, whereas the
latter would furnish 19. We found experimental evidence that
when R1, R2 belong to a five-membered carbocycle, only
products 18 are formed, and that R1 �H was necessary to
obtain product 19 derived from intermediate B. This behavior
could be rationalized in terms of electronic and steric effects:
We believe that path (a) is usually favored over (b) for
electronic reasons; however, when the steric hindrance in the
position occupied by R1 is reduced, the reaction can be
partially directed through intermediate B, affording both
diastereoisomeric systems 18c and 19.


Thermal treatment of benzocyclobutenedione derivatives :
Benzocyclobutenedione derivatives are known to undergo
thermal or photochemically driven cyclobutene ring opening
to generate bisketene intermediates which in turn are capable
of further transformations.[23] Then, we decided to test the
reactivity of compounds 9, which had been synthesized as
intermediates in the preparation of trans-benzocyclo-
butenes 8.


Table 6. Thermal treatment of cis-benzocyclobutene derivatives 7.


7 Dienophile Product Yield [%]


1 7b DMAD 11a 52[a]


2 7a p-benzoquinone 14a 55
3 7b p-benzoquinone 14a 58
4 7a N-phenylmaleimide 18a 66[b]


5 7b N-phenylmaleimide 18b 61
6 7c DMAD 12b 53[c]


7 7e DMAD 17 85
8 7e N-phenylmaleimide 18c 23


19 34


[a] Reaction conditions: 3 ± 5 equivalents of dienophile, toluene, 160 �C,
24 h. [a] 11a was transformed in 12a by treatment with TBAF in THF/H2O
(94 %). [b] Conversion� 63% after 48 h. [c] Crude mixture was treated
with TBAF in THF/H2O in order to purify compound 12b.


Table 7. Preparation of benzo[c]furane derivatives 20.[a]


9 20 t [h] Yield [%]


1 9a 20a 48 92
2 9c 20b 72 88
3 9d 20c 48 90


[a] Reaction conditions: methanol, 100 �C.
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When a solution of compounds 9a, c, d in methanol was
heated at 100 �C in a sealed tube benzo[c]furane derivatives 20
were obtained as single regioisomers in high yields
(Scheme 12, Table 3).
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Scheme 12. Preparation of benzo[c]furane derivatives 20.


This transformation implies electrocyclic ring opening of
the cyclobutene moiety, nucleophilic addition of one molecule
of methanol to the bisketene intermediate species and
subsequent cyclization. There is a clear precedent of this
behavior consisting of the photochemical reaction of the
unsubstituted benzocyclobutenodione in methanol.[24] The
introduction of several substituents in the structure of the
starting materials has not caused regioselectivity problems.
Actually, only one of the two possible regioisomers has been
detected in the crude mixture. It is possible to rationalize this
result by supposing that the ketene functionality conjugated
to the nitrogen substituent exhibits greater electron density
than the one conjugated to the oxygen atom, consequently
displaying a smaller disposition for a potential nucleophilic
attack of methanol.


Conclusion


In summary, the reaction of (alkenylcyclobutenyl)alkoxycar-
bene complexes and isocyanides has been investigated. We
have concluded that the synthesis leads to o-alkoxyaniline
derivatives in all the cases studied, in a regioselective fashion
and with good yields. This process is analogous to a previously
reported process involving alkoxy(dienyl)carbene complexes
with cis configuration in the central double bond and two
equivalents of isocyanide; however, it proceeds under milder
conditions and shorter reaction times because none of the
double bonds that take part in the electrocyclization belong to
an aromatic ring. The chemical modification of the initially
formed compounds led to highly functionalized cis- and trans-
1,2-bis(trialkylsilyloxy)benzocyclobutene derivatives, in an
overall process of no more than five reaction steps. The key
step is a completely regioselective benzannulation reaction.
Therefore, we believe that the methodology described herein
provides a convenient synthetic method of these highly
substituted benzocyclobutene derivatives, overcoming the
difficulties to introduce functionality in the aromatic ring
shown by standard methodology.


Generation of o-quinodimethides upon thermal treatment
of the compounds just prepared and subsequent Diels ± Alder
cycloaddition reactions to a range of electron-deficient
dienophiles have also been tested, furnishing complex poly-
cyclic systems. When aromatization did not take place in the
reaction conditions, cycloadducts derived from the conrota-


tory ring opening of the cyclobutene moiety and the endo-
selective [4� 2] cycloaddition reaction.


The heating of highly functionalized benzocyclobutene-
diones in methanol afforded benzo[c]furane derivatives in a
completely regioselective fashion and with good yields.


Experimental Section


General methods : For all reactions run under N2 atmosphere, tetrahydro-
furan, diethyl ether, dichloromethane, toluene and methanol were dried
and distilled by standard procedures before use. Solvents used in column
chromatography were distilled prior to use. All other reagents used in the
reactions were of the best commercial grade available. Column chroma-
tography was carried out on silica gel 60 (230 ± 400 mesh). Rf values are
referred to the mixture of solvents in which column chromatography was
carried out. All melting points are uncorrected. NMR spectra were
recorded at 300 or 200 MHz for 1H and 75, or 50.3 MHz for 13C, with
tetramethylsilane as internal standard for 1H and the residual solvent
signals as standard for 13C. Chemical shifts are given in ppm. The
multiplicity of the signals is indicated as follows: s� singlet, d� doublet,
t� triplet, q� quatriplet, quint.� quintuplet, m�multiplet. Mass spectra
were obtained by EI (70 eV), FAB� or MALDI-TOF. IR spectra are given
incm�1.


Preparation of alkynyl carbene complexes 1 and enol ethers and ketene
acetals 2 : Fischer carbene complexes 1 had already been synthesized in our
research group by standard methodology from the corresponding acety-
lenes. Their analytical and spectroscopic data have been reported.[10c, 16, 25]


2,3-Dihydrofuran, 3,4-dihydro-2H-pyran, 2-methoxypropene and 1-me-
thoxy-2-methyl-1-trimethylsilyloxypropene are commercially available
reagents. The remaining enol ethers and ketene acetals 2 were prepared
according to the following methods described in the literature: 2,2-
dimethyl-1,3-dioxole,[26] 1,1-dimethoxyethene,[27] 1,1,2,2-tetramethoxye-
thene.[28]


General procedure for the preparation of Fischer dienyl complexes 3 : All
carbene complexes 3 were synthesized by the same experimental procedure
previously described by Wulff:[29] 1 mmol of carbene neat with 10 mmol of
the corresponding enol ether were stirred at room temperature, under
nitrogen atmosphere until TLC analyses revealed that the starting complex
had been consumed. Removal of the volatiles by vacuum (10 mm Hg) and
flash chromatography afforded the title compounds. Exceptionally, when
1,1-dimethoxyethene was used, 3 mmol of the olefin and 1 mmol of
complex 1d were dissolved in 10 mL of dry dichloromethane and the
mixture was stirred under nitrogen atmosphere at room temperature until
total consumption of the starting carbene complex. The resulting adduct 3 i
could not be isolated by column chromatography, so it was directly used in
the next step after removal of solvents in vacuum. Data for compounds
3a, c, d[10c] and 3n[16] have already been reported.


Pentacarbonyl{[2,3,3a,5a-tetrahydro-4-(1-methyl-2-phenylethenyl)cyclo-
buta[b]furan-5-yl]methoxymethylen}tungsten(0) (3a): Prepared according
to the general procedure described above to afford, after flash chromatog-
raphy with hexane/Et2O/CH2Cl2 4:1:1, 3a as a dark orange solid (64 %).
Rf � 0.44; m.p. 92 ± 94 �C; 1H NMR (200 MHz, CDCl3): �� 1.82 ± 2.07 (m,
2H), 1.93 (s, 3 H), 3.54 (dd, J� 7.7, 3.8 Hz, 1 H), 3.90 (td, J� 8.9, 5.6 Hz,
1H), 4.17 (t, J� 7.9 Hz, 1 H), 4.62 (s, 3H), 5.57 (d, J� 3.8 Hz, 1 H), 6.92 (br s,
1H), 7.32 ± 7.41 (m, 5H); 13C NMR (50.3 MHz, CDCl3): �� 16.6 (CH3), 27.4
(CH2), 43.9 (CH), 66.6 (CH2), 68.2 (CH3), 79.1 (CH), 127.9 (CH), 128.3
(2 CH), 129.4 (2 CH), 131.2 (C), 136.2 (CH), 136.7 (C), 143.7 (C), 151.2 (C),
196.9 (4 C), 203.4 (C), 310.7 (C); IR (CH2Cl2): �� � 2066, 1937 cm�1;
elemental analysis calcd (%) for C22H18O7W: C 45.67, H 3.14; found: C
45.42, H 3.28.


Pentacarbonyl{[2,3,3a,5a-tetrahydro-4-(1-methyl-2-phenylethenyl)cyclo-
buta[b]furan-5-yl]methoxymethylen}chromium(0) (3b): Prepared accord-
ing to the general procedure described above to afford, after flash
chromatography with hexane/Et2O/CH2Cl2 4:1:1, 3b as a dark orange solid
(83 %). Rf � 0.47; m.p. 95 ± 97 �C; 1H NMR (300 MHz, CDCl3): �� 1.83 ±
2.02 (m, 2 H), 1.90 (s, 3H), 3.59 ± 3.60 (m, 1H), 3.90 ± 3.99 (m, 1H), 4.19 (t,
J� 8.3 Hz, 1H), 4.69 (s, 3H), 5.62 (d, J� 2.9 Hz, 1 H), 6.82 (s, 1 H), 7.26 ±
7.39 (m, 5H); 13C NMR (75 MHz, CDCl3): �� 16.2 (CH2), 27.3 (CH2), 43.7
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(CH), 65.7 (CH3), 67.0 (CH2), 79.5 (CH), 127.8 (CH), 128.2 (2 CH), 129.3
(2 CH), 130.5 (C), 135.6 (CH), 136.2 (C), 139.6 (C), 148.0 (C), 216.0 (4 C),
223.8 (C), 340.5 (C); IR (CH2Cl2): �� � 2064, 1935 cm�1; elemental analysis
calcd (%) for C22H18CrO7: C 59.20, H 4.06; found: C 59.45, H 3.88.


Pentacarbonyl{[4-(1-cyclopentenyl)-2,3,3a,5a-tetrahydrocyclobuta[b]fur-
an-5-yl]methoxymethylen}tungsten(0) (3c): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/Et2O/CH2Cl2 4:1:1, 3c as a dark orange solid (85 %). Rf � 0.50;
m.p. 113 ± 115 �C; 1H NMR (200 MHz, CDCl3): �� 1.70 ± 2.04 (m, 4H),
2.28 ± 2.53 (m, 4H), 3.31 (dd, J� 7.9, 3.6 Hz, 1H), 3.77 ± 3.90 (m, 1 H), 4.11
(t, J� 7.4 Hz, 1 H), 4.56 (s, 3H), 5.54 (d, J� 3.6 Hz, 1 H), 6.51 (m, 1H);
13C NMR (75 MHz, CDCl3): �� 23.6 (CH2), 26.9 (CH2), 33.3 (CH2), 33.4
(CH2), 44.5 (CH), 66.2 (CH2), 68.0 (CH3), 80.0 (CH), 139.1 (C), 141.3 (C),
144.4 (CH), 148.4 (C), 197.2 (4 C), 203.2 (C), 305.6 (C); IR (CH2Cl2): �� �
2060, 1939 cm�1; elemental analysis calcd (%) for C18H16O7W: C 40.93, H
3.05; found: C 41.12, H 3.33.


Pentacarbonyl{[4-(1-cyclopentenyl)-2,3,3a,5a-tetrahydrocyclobuta[b]fur-
an-5-yl]methoxymethylen}chromium(0) (3d): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/Et2O/CH2Cl2 4:1:1, 3d as a dark orange solid (93 %). Rf � 0.56;
m.p. 113 ± 115 �C; 1H NMR (200 MHz, CDCl3): �� 1.72 ± 2.03 (m, 4H),
2.19 ± 2.49 (m, 4H), 3.40 (dd, J� 7.9, 3.3 Hz, 1H), 3.75 ± 3.91 (m, 1 H), 4.13
(t, J� 8.2 Hz, 1H), 4.73 (s, 3 H), 5.61 (d, J� 3.3 Hz, 1 H), 6.37 (m, 1H);
13C NMR (75 MHz, CDCl3): �� 23.6 (CH2), 27.1 (CH2), 33.1 (CH2), 33.2
(CH2), 44.1 (CH), 65.5 (CH3), 66.5 (CH2), 80.1 (CH), 136.9 (C), 138.4 (C),
142.9 (CH), 146.1 (C), 216.2 (4 C), 223.8 (C), 334.3 (C); IR (CH2Cl2): �� �
2057, 1942 cm�1; elemental analysis calcd (%) for C18H16CrO7: C 54.55, H
4.07; found: C 54.16, H 4.29.


Pentacarbonyl{[4-(1-cyclopentenyl)-3a,5a-dihydro-2,2-dimethylcyclobu-
ta[d]dioxol-5-yl]methoxymethylen}chromium(0) (3e): Prepared according
to the general procedure described above to afford, after flash chromatog-
raphy with hexane/CH2Cl2 5:1, 3e as a dark orange solid (78 %). Rf � 0.30;
m.p. 95 ± 97 �C; 1H NMR (300 MHz, CDCl3): �� 1.43 (s, 3 H), 1.86 ± 2.03
(m, 2 H), 2.15 ± 2.26 (m, 1H), 2.33 ± 2.39 (m, 1H), 2.39 ± 2.51 (m, 2 H), 4.75
(s, 3 H), 5.08 (d, J� 3.7 Hz, 1 H), 5.84 (d, J� 3.7 Hz, 1 H), 6.47 ± 6.48 (m,
1H); 13C NMR (75 MHz, CDCl3): �� 23.5 (CH2), 28.4 (CH3), 29.0 (CH3),
33.0 (CH2), 33.4 (CH2), 66.0 (CH3), 75.9 (CH), 81.0 (CH), 137.0 (C), 137.4
(C), 143.3 (CH), 150.3 (C), 215.9 (4 C), 223.6 (C), 336.5 (C); IR (CH2Cl2):
�� � 2057, 1938 cm�1; elemental analysis calcd (%) for C19H18CrO8: C 53.53,
H 4.26; found: C 53.81, H 4.50.


Pentacarbonyl{[4-(1-cyclohexenyl)-3a,5a-dihydro-2,2-dimethylcyclobu-
ta[d]dioxol-5-yl]methoxymethylen}chromium(0) (3 f): Prepared according
to the general procedure described above to afford, after flash chromatog-
raphy with hexane/dichloromethane 5:1, 3 f as a dark orange solid (79 %).
Rf � 0.38; m.p. 89 ± 91 �C; 1H NMR (200 MHz, CDCl3): �� 1.41 (s, 3H),
1.45 (s, 3H), 1.58 ± 1.93 (m, 6 H), 1.21 ± 1.23 (m, 2H), 4.69 (s, 3H), 5.13 (d,
J� 3.6 Hz, 1H), 5.75 (d, J� 3.6 Hz, 1 H), 6.33 ± 6.34 (m, 1 H); 13C NMR
(75 MHz, CDCl3): �� 21.3 (CH2), 22.0 (CH2), 25.9 (CH2), 26.2 (CH2), 28.3
(CH3), 28.8 (CH3), 66.2 (CH3), 75.4 (CH), 80.2 (CH), 116.5 (C), 131.2 (C),
137.1 (CH), 140.0 (C), 149.8 (C), 215.8 (4 C), 223.6 (C), 340.2 (C); IR
(CH2Cl2): �� � 2053, 1938 cm�1; elemental analysis calcd (%) for
C20H20CrO8: C 54.55, H 4.58; found: C 54.67, H 4.40.


Pentacarbonyl{[3a,5a-dihydro-2,2-dimethyl-4-(2-phenylethenyl)cyclobu-
ta[d]dioxol-5-yl]methoxymethylen}chromium(0) (3g): Prepared according
to the general procedure described above to afford, after flash chromatog-
raphy with hexane/CH2Cl2 5:1, 3g as a dark orange solid (89 %). Rf � 0.32;
m.p. 97 ± 99 �C; 1H NMR (300 MHz, CDCl3): �� 1.47 (s, 3 H), 1.50 (s, 3H),
4.88 (s, 3 H), 5.27 (br s, 1H), 5.84 (br s, 1 H), 7.16 (d, J� 15.9 Hz, 1 H), 7.31 ±
7.55 (m, 6H); 13C NMR (75 MHz, CDCl3): �� 28.6 (CH3), 28.8 (CH3), 66.0
(CH3), 75.1 (CH), 80.5 (CH), 116.5 (C), 120.6 (CH), 127.8 (2 CH), 128.9
(2 CH), 130.1 (CH), 135.6 (C), 144.1 (CH), 144.9 (C), 149.7 (C), 216.2 (4 C),
224.1 (C), 332.8 (C); IR (CH2Cl2): �� � 2055, 1944 cm�1; elemental analysis
calcd (%) for C22H18CrO8: C 57.15, H 3.92; found: C 56.98, H 3.61.


Pentacarbonyl{[2-(1-cyclopentenyl)-4-methoxy-4-methylcyclobut-1-enyl]-
methoxymethylen}chromium(0) (3h): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/CH2Cl2 5:1, 3 j as a dark orange solid (68 %). Rf � 0.32; m.p. 79 ±
81 �C; 1H NMR (300 MHz, CDCl3): �� 1.80 (s, 3H), 1.98 (s, 3H), 2.56 (d,
J� 12.8 Hz, 1H), 2.79 (d, J� 12.8 Hz, 1 H), 3.34 (s, 3H), 4.57 (s, 3H), 6.58
(s, 1 H), 7.20 ± 7.39 (m, 5H); 13C NMR (75 MHz, CDCl3): �� 16.1 (CH3),


22.4 (CH3), 38.5 (CH2), 51.8 (CH3), 65.9 (CH3), 82.3 (C), 127.4 (CH), 128.2
(2 CH), 129.2 (2 CH), 129.2 (C), 131.3 (C), 132.8 (CH), 136.5 (C), 152.5 (C),
216.3 (4 C), 224.3 (C), 347.5 (C); IR (CH2Cl2): �� � 2065, 1943 cm�1;
elemental analysis calcd (%) for C22H20CrO7: C 58.93, H 4.50; found: C
59.09, H 4.24.


Pentacarbonyl{[3,3-dimethyl-2-(1-methyl-2-phenylethenyl)-4-trimethylsi-
lyloxy-4-methoxycyclobut-1-enyl]methoxymethylen}chromium(0) (3 j):
Prepared according to the general procedure described above to afford,
after flash chromatography with hexane/ethyl acetate 5:1, 3 j as an orange
oil (56 %). Rf � 0.22; 1H NMR (200 MHz, CDCl3): �� 0.31 (s, 9 H), 1.45 (s,
3H), 1.49 (s, 3 H), 1.92 (s, 3H), 3.30 (s, 3H), 4.47 (br s, 3H), 6.73 (s, 1H),
7.28 ± 7.43 (m, 5 H); 13C NMR (75 MHz, CDCl3): �� 1.6 (3 CH3), 16.7
(CH3), 22.0 (CH3), 23.0 (CH3), 52.8 (CH3), 54.3 (C), 65.4 (CH3), 127.4 (CH),
128.2 (2 CH), 129.3 (2 CH), 129.8 (C), 133.5 (CH), 136.5 (C), 216.4 (4 C),
224.8 (C), the signal corresponding to the carbene carbon has not been
detected; LRMS (MALDI-TOF): calcd for C26H30CrO8Si: 550; found: 550;
IR (CH2Cl2): �� � 2053, 1939 cm�1.


Pentacarbonyl{[2-(1-cyclopentenyl)-3,3-dimethyl-4-trimethylsilyloxy-4-
methoxycyclobut-1-enyl]methoxymethylen}chromium(0) (3k): Prepared
according to the general procedure described above to afford, after flash
chromatography with hexane/ethyl acetate 5:1, 3k as an orange oil (64 %).
Rf � 0.21; 1H NMR (300 MHz, CDCl3): �� 0.26 (s, 9H), 1.28 (s, 3H), 1.36 (s,
3H), 1.88 (quint., J� 7.3 Hz, 2 H), 2.21 ± 2.23 (m, 2 H), 2.45 ± 2,47 (m, 2H),
3.24 (s, 3H), 4.43 (br s, 3H), 6.02 ± 6.03 (m, 1 H); 13C NMR (75 MHz,
CDCl3): �� 1.5 (3 CH3), 21.4 (CH3), 22.7 (CH3), 23.01 (CH2), 33.3 (CH2),
52.9 (CH3), 54.3 (C), 65.2 (CH3), 104.9 (C), 135.3 (C), 136.1 (CH), 167.3 (C),
216.3 (4 C), 224.8 (C), 345.4 (C); IR (CH2Cl2): �� � 2057, 1940 cm�1.


Pentacarbonyl{[2-(1-cyclopentenyl)-3,3,4,4-tetramethoxycyclobut-1-enyl]-
methoxymethylen}chromium(0) (3 l): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/CH2Cl2 5:1, 3 l as a dark orange solid (98 %). Rf � 0.22; m.p. 80 ±
82 �C; 1H NMR (300 MHz, CDCl3): �� 1.86 (t, J� 6.8 Hz, 2H), 2.20 ± 2.25
(m, 2 H), 2.42 ± 2.44 (m, 2H), 3.31 (br s, 6 H), 3.48 (s, 6H), 4.37 (br s, 3H),
6.21 ± 6.24 (m, 1 H); 13C NMR (75 MHz, CDCl3): �� 23.1 (CH2), 32.9
(CH2), 33.3 (CH2), 51.2 (2 CH3), 52.5 (2 CH3), 65.8 (CH3), 106.2 (C), 110.7
(C), 130.5 (C), 134.7 (C), 134.7 (C), 137.6 (C), 215.8 (4 C), 224.8 (C), 334.7
(C); IR (CH2Cl2): �� � 1950, 2063 cm�1; elemental analysis calcd (%) for
C20H22CrO10: C 50.64, H 4.67; found: C 50.29, H 4.32.


Pentacarbonyl{[2-(1-cyclohexenyl)-3,3,4,4-tetramethoxycyclobut-1-enyl]-
methoxymethylen}chromium(0) (3m): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/CH2Cl2 5:1, 3m as an orange solid (87 %). Rf � 0.25; m.p. 75 ± 77 �C;
1H NMR (200 MHz, CDCl3): �� 1.86 (t, J� 6.8 Hz, 2H), 2.20 ± 2.25 (m,
2H), 2.42 ± 2.44 (m, 2H), 3.31 (br s, 6 H), 3.48 (s, 6 H), 4.37 (br s, 3 H), 6.21 ±
6.24 (m, 1 H); 13C NMR (50.3 MHz, CDCl3): �� 21.6 (CH2), 22.2 (CH2),
22.6 (CH3), 25.8 (CH2), 26.1 (CH2), 38.3 (CH2), 51.7 (CH3), 65.8 (CH3), 82.6
(C), 132.7 (CH), 136.3 (C), 150.5 (C), 170.0 (C), 216.4 (4 C), 224.3 (C), 347.3
(C); IR (CH2Cl2): �� � 1947, 2048 cm�1; elemental analysis calcd (%) for
C19H20CrO7: C 55.34, H 4.89; found: C 55.67, H 5.02.


Pentacarbonyl{[2-(4,7-dihydro-2,2-dimethyl-1,3-dioxepin-5-yl)-3,3,4,4-tet-
ramethoxycyclobut-1-enyl]methoxymethylen}chromium(0) (3n): Prepared
according to the general procedure described above to afford, after flash
chromatography with hexane/ethyl acetate 5:1, 3n as an orange oil (71 %).
Rf � 0.29; 1H NMR (200 MHz, CDCl3): �� 1.39 (s, 6 H), 3.33 (br s, 6 H), 3.50
(s, 6H), 4.19 (br s, 3H), 4.32 ± 4.39 (m, 4 H), 6.11 (t, J� 3.9 Hz, 1H);
13C NMR (50.3 MHz, CDCl3): �� 23.5 (2 CH3), 51.3 (2 CH3), 52.5 (2 CH3),
60.9 (CH2), 61.1 (CH2), 66.1 (CH3), 102.1 (C), 106.3 (C), 110.4 (C), 131.8
(C), 133.9 (C), 134.5 (C), 215.8 (4 C), 224.7 (C), 343.4 (C); IR (CH2Cl2): �� �
1957, 2039 cm�1.


Pentacarbonyl{[3,3,4,4-tetramethoxy-2-(2-phenylethenyl)cyclobut-1-enyl]-
methoxymethylen}chromium(0) (3o): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/CH2Cl2 5:1, 3o as an orange solid (88 %). Rf � 0.28; m.p. 83 ± 85 �C;
1H NMR (300 MHz, CDCl3): �� 3.41 (s, 6H), 3.59 (s, 6 H), 4.48 (s, 3 H), 6.71
(d, J� 15.7 Hz, 1H9, 6.98 (d, J� 15.7 Hz, 1H), 7.35 ± 7.45 (m, 5H); 13C NMR
(75 MHz, CDCl3): �� 51.5 (2 CH3), 52.3 (2 CH3), 66.0 (CH3), 106.2 (C),
110.4 (C), 117.6 (CH), 126.9 (2 CH), 128.6 (2 CH), 129.0 (CH), 133.2 (C),
135.8 (C), 138.1 (CH), 151.0 (C), 215.7 (4 C), 225.0 (C), 342.8 (C); IR
(CH2Cl2): �� � 1952, 2040 cm�1; elemental analysis calcd (%) for
C23H22CrO10: C 54.12, H 4.34; found: C 54.35, H 4.21.
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Pentacarbonyl{[2-(3,4-dihydro-2H-pyran-3-yl)-3,3,4,4-tetramethoxycyclo-
but-1-enyl]methoxymethylen}chromium(0) (3p): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 5:1, 3p as an orange oil (91 %). Rf � 0.21;
1H NMR (200 MHz, CDCl3): �� 1.71 ± 1.82 (m, 2 H), 2.03 ± 2.20 (m, 2H),
3.29 (br s, 6 H), 3.52 (s, 6H), 3.92 ± 4.05 (m, 2 H), 4.23 (s, 3 H), 5.21 ± 5.44 (m,
1H); 13C NMR (50.3 MHz, CDCl3): �� 20.5 (CH2), 21.8 (CH2), 51.2
(2 CH3), 52.6 (2 CH3), 65.7 (CH3), 66.0 (CH2), 106.1 (C), 107.7 (CH), 110.7
(C), 128.6 (C), 145.9 (C), 145.9 (C), 215.9 (4 C), 225.6 (C), 343.0 (C); IR
(CH2Cl2): �� � 1952, 2039 cm�1.


General procedure for the preparation of aniline derivatives 5 : A solution
of complex 3 (1 mmol) and isocyanide 4 (2 mmol) in dry THF (20 mL) was
stirred under nitrogen atmosphere until TLC analyses revealed the
consumption of the starting material and the formation of a new
compound. Typically, chromium complexes 3 immediately underwent the
transformation, but the reacting mixtures were stirred for 15 minutes; for
tungsten complexes 3a and 3c, the reaction was completed after one hour.
For reactions arising from chromium complexes, removal of THF by
vacuum, addition of hexane (50 mL) and exposure to sun light and air for
12 h, followed by flash chromatography afforded the title compounds 5. For
tungsten complexes, the residue was loaded directly onto a silica gel column
without previous exposure to light and air.


6-tert-Butylamino-2,3,3a,7b-tetrahydro-7-methoxy-4-methyl-5-phenylben-
zo[3,4]cyclobuta[1,2-b]furane (5a): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 5:1, 5a as a white solid (88 % from complex 3a, or
94% from complex 3b). Rf � 0.29; m.p. 106 ± 108 �C; 1H NMR (300 MHz,
CDCl3): �� 0.93 (s, 9 H), 1.79 (s, 3H), 1.80 ± 1.95 (m, 2H), 3.67 ± 3.75 (m,
1H), 4.00 (dd, J� 7.4, 3.5 Hz, 1H), 4.04 (s, 3 H), 4.11 (t, J� 8.1 Hz, 1 H), 5.65
(d, J� 3.5 Hz, 1H), 7.12 ± 7.19 (m, 2 H), 7.31 ± 7.46 (m, 3H); 13C NMR
(75 MHz, CDCl3): �� 14.8 (CH3), 28.5 (CH2), 30.2 (3 CH3), 42.2 (CH), 53.5
(C), 57.0 (CH3), 66.5 (CH2), 80.3 (CH), 122.4 (C), 124.6 (C), 126.9 (CH),
128.4 (2 CH), 129.8 (CH), 130.0 (CH), 132.3 (C), 137.7 (C), 139.0 (C), 139.4
(C), 147.2 (C); elemental analysis calcd (%) for C22H27NO2: C 78.30, H 8.06,
N 4.15; found: C 78.56, H 8.33, N 3.97.


4-Benzylamino-2,3,5b,7,8,8a-hexahydro-5-methoxy-1H-inden[4�,5�:3,4]cy-
clobuta[1,2-b]furane (5b): Prepared according to the general procedure
described above to afford, after flash chromatography with hexane/ethyl
acetate 5:1, 5b as a light yellow oil (78 % from complex 3c, or 86 % from
complex 3d). Rf � 0.23; 1H NMR (200 MHz, CDCl3): 1.84 ± 2.00 (m, 2H),
2.11 (quint. , J� 7.4 Hz, 2H), 2.74 (t, J� 7.4 Hz, 2H), 2.91 (t, J� 7.4 Hz,
2H), 3.66 ± 3.79 (m, 1 H), 3.98 (dd, J� 7.7, 3.3 Hz, 1H), 4.02 (s, 3H), 4.13 (t,
J� 8.0 Hz, 1 H), 4.34 (s, 2H), 5.66 (d, J� 3.3 Hz, 1 H), 7.28 ± 7.42 (m, 5H);
13C NMR (50.3 MHz, CDCl3): �� 26.3 (CH2), 28.8 (CH2), 28.9 (CH2), 31.5
(CH2), 47.5 (CH), 51.4 (CH2), 57.7 (CH3), 66.6 (CH2), 81.1 (CH), 124.1 (C),
126.8 (CH), 127.5 (2 CH), 127.9 (2 CH), 131.2 (C), 131.3 (C), 133.3 (C), 136.4
(C), 140.5 (C), 143.3 (C).


4-tert-Butylamino-2,3,5b,8a-tetrahydro-5-methoxy-7,7-dimethyl-1H-in-
den[4�,5�:3,4]cyclobuta[1,2-d][1,3]dioxole (5c): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 3:1, 5c as a light yellow solid (78 %). Rf � 0.22;
m.p. 106 ± 108 �C; 1H NMR (200 MHz, CDCl3): �� 1.03 (s, 3 H), 1.15 (s,
9H), 1.43 (s, 3H), 2.00 (quint., J� 6.9 Hz, 2H), 2.77 ± 2.87 (m, 4H), 3.98 (s,
3H), 5.67 (d, J� 3.6 Hz, 1H), 5.86 (d, J� 3.6 Hz, 1 H); 13C NMR
(50.3 MHz, CDCl3): �� 26.6 (CH2), 27.7 (CH3), 28.7 (CH3), 29.7 (CH3),
30.3 (3 CH3), 32.8 (CH2), 54.9 (C), 57.4 (CH3), 80.8 (CH), 81.7 (CH), 115.0
(C), 127.5 (C), 132.0 (C), 132.8 (C), 136.6 (C), 145.3 (C), 147.8 (C); HRMS:
calcd for C19H27NO3: 317.1991; found: 317.1994; MS (70 eV): m/z (%): 317
(21), 259 (7), 244 (11), 188 (100); elemental analysis calcd (%) for
C19H27NO3: C 71.89, H 8.57, N 4.41; found: C 72.07, H 8.24, N 4.55.


5-Benzylamino-1,2,3,4,6b,9a-hexahydro-6-methoxy-8,8-dimethylnaph-
tho[1�,2�:3,4]cyclobuta[d][1,3]dioxole (5d): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 3:1, 5e as a colorless oil (67 %). Rf � 0.25;
1H NMR (300 MHz, CDCl3): �� 1.07 (s, 3H), 1.48 (s, 3 H), 1.76 ± 1.77 (m,
4H), 2.67 ± 2.73 (m, 4H), 3.65 (br s, 1H), 3.98 (s, 3H), 4.12 (d, J� 14.2 Hz,
1H), 4.19 (d, J� 14.2 Hz, 1 H), 5.70 (d, J� 3.5 Hz, 1 H), 5.85 (d, J� 3.5 Hz,
1H), 7.24 ± 7.35 (m, 5 H); 13C NMR (75 MHz, CDCl3): �� 22.0 (CH2), 23.0
(CH2), 24.4 (CH2), 26.1 (CH2), 27.9 (CH3), 28.7 (CH3), 52.2 (CH2), 57.6
(CH3), 80.6 (CH), 80.9 (CH), 115.1 (C), 126.1 (C), 126.7 (C), 126.9 (CH),


127.8 (2 CH), 128.2 (2 CH), 132.4 (C), 136.5 (C), 138.1 (C), 140.3 (C), 144.0
(C).


5-tert-Butylamino-3a,7a-dihydro-4-methoxy-2,2-dimethyl-6-phenylben-
zo[1�,2�:3,4]cyclobuta[1,2-d][1,3]dioxole (5e): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 5:1, 5 f as a light yellow solid (98 %). Rf � 0.19;
m.p. 131 ± 133 �C; 1H NMR (300 MHz, CDCl3): �� 0.86 (s, 9H), 1.13 (s,
3H), 1.47 (s, 3H), 4.07 (s, 3 H), 5.73 (d, J� 3.7 Hz, 1H), 5.94 (d, J� 3.7 Hz,
1H), 6.78 (s, 1 H), 7.26 ± 7.40 (m, 5H); 13C NMR (75 MHz, CDCl3): �� 27.9
(CH3), 28.8 (CH3), 30.1 (3 CH3), 54.4 (C), 57.3 (CH3), 81.4 (CH), 81.7 (CH),
115.4 (C), 117.5 (CH), 126.8 (CH), 128.0 (2 CH), 128.7 (C), 129.6 (2 CH),
134.3 (C), 141.3 (C), 141.4 (C), 142.0 (C), 149.4 (C); elemental analysis
calcd (%) for C22H27NO3: C 74.76, H 7.70, N 3.96; found: C 75.00, H 7.85, N
4.09.


4-tert-Butylamino-2,3,6,7-tetrahydro-5,6-dimethoxy-6-methyl-1H-cyclobu-
ta[1,2-e]indene (5 f): Prepared according to the general procedure descri-
bed above to afford, after flash chromatography with hexane/ethyl acetate
5:1, 5 i as a light yellow solid (85 %). Rf � 0.34; m.p. 94 ± 96 �C; 1H NMR
(300 MHz, CDCl3): �� 1.17 (s, 9 H), 1.71 (s, 3 H), 2.00 (quint. , J� 7.4 Hz,
2H), 2.67 (t, J� 7.4 Hz, 1H), 2.88 (t, J� 7.4 Hz, 2H), 2.89 (d, J� 14.4 Hz,
1H), 3.27 (s, 3H), 3.36 (d, J� 14.4 Hz, 1H), 3.88 (s, 3 H); 13C NMR
(75 MHz, CDCl3): �� 26.6 (CH2), 27.5 (CH3), 29.8 (CH2), 30.1 (3 CH3), 33.0
(CH2), 38.6 (CH2), 51.6 (CH3), 55.5 (C), 57.3 (CH3), 82.7 (C), 128.5 (C),
129.8 (C), 131.3 (C), 132.0 (C), 144.5 (C), 148.9 (C); elemental analysis
calcd (%) for C18H27NO2: C 74.70, H 9.40, N 4.84; found: C 74.86, H 9.03, N
5.04.


4-Benzylamino-2,3,6,7-tetrahydro-5-methoxy-1H-cyclobuta[1,2-e]inden-6-
one (5g): Prepared according to the general procedure described above to
afford, after flash chromatography with hexane/ethyl acetate 10:1, 5 j as a
light yellow oil (52 %). Rf � 0.22; 1H NMR (300 MHz, CDCl3): �� 2.14
(quint. , J� 7.4 Hz, 2H), 2.81 (t, J� 7.4 Hz, 2H), 2.94 (t, J� 7.4 Hz, 2H),
3.79 (s, 2H), 4.16 (s, 3 H), 4.33 (s, 2H), 7.30 ± 7.33 (m, 5 H); 13C NMR
(75 MHz, CDCl3): �� 26.2 (CH2), 29.5 (CH2), 32.4 (CH2), 49.3 (CH2), 51.1
(CH2), 60.1 (CH3), 127.0 (CH), 127.3 (2 CH), 128.3 (2 CH), 130.5 (C), 131.7
(C), 134.1 (C), 134.6 (C), 140.2 (C), 141.8 (C), 143.2 (C), 184.7 (C); HRMS:
calcd for C19H19NO2: 293.1416; found: 293.1414; MS (FAB� ): m/z (%):
293 (58), 289 (61), 282 (16), 219 (15).


3-tert-Butylamino-2,8-dimethoxy-5,7,7-trimethyl-8-trimethylsilyloxy-4-
phenylbicyclo[4.2.0]octa-1,3,5-triene (5h): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 5:1, 5k as a yellow oil (65 %). Rf � 0.21; 1H NMR
(300 MHz, CDCl3): �� 0.21 (s, 9 H), 0.91 (s, 9 H), 1.36 (s, 3 H), 1.38 (s, 3H),
1.81 (s, 3H), 3.42 (s, 3 H), 3.98 (s, 3 ¥ H), 7.14 ± 7.16 (m, 2H), 7.26 ± 7.44 (m,
3H); 13C NMR (75 MHz, CDCl3): �� 1.4 (3 CH3), 15.4 (CH3), 21.5 (CH3),
24.1 (CH3), 30.5 (3 CH3), 53.4 (C), 54.2 (CH3), 55.7 (C), 58.9 (CH3), 106.2
(C), 123.1 (C), 126.9 (CH), 128.4 (2 CH), 129.0 (C), 130.2 (CH), 130.3 (CH),
134.1 (C), 139.5 (C), 140.2 (C), 143.8 (C), 147.3 (C).


4-Benzylamino-2,3,6,7-tetrahydro-5,6-dimethoxy-7,7-dimethyl-6-trimethyl-
silyloxy-1H-cyclobuta[1,2-e]indene (5 i): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 5:1, 5 l as a light yellow oil (59 %). Rf � 0.17; 1H NMR
(300 MHz, CDCl3): �� 0.25 (s, 9H), 1.35 (s, 3H), 1.37 (s, 3 H), 2.13 (quint. ,
J� 7.4 Hz, 2H), 2.77 (t, J� 7.4 Hz, 2 H), 2.91 (t, J� 7.4 Hz, 2H), 3.47 (s,
3H), 3.97 (s, 3 H), 4.34 (s, 2H), 7.26 ± 7.42 (m, 5H); 13C NMR (75 MHz,
CDCl3): �� 1.3 (CH3), 21.7 (CH3), 24.0 (CH3), 26.3 (CH2), 29.0 (CH2), 31.4
(CH2), 51.6 (CH2), 53.9 (CH3), 55.4 (C), 60.2 (CH3), 106.6 (C), 126.8 (CH),
127.6 (2 CH), 128.3 (2 CH), 129.1 (C), 131.9 (C), 135.1 (C), 136.8 (C), 137.9
(C), 140.7 (C), 142.9 (C).


4-tert-Butylamino-2,3,6,7-tetrahydro-5,6,6,7,7-pentamethoxy-1H-cyclobu-
ta[1,2-e]indene (5 j): Prepared according to the general procedure descri-
bed above to afford, after flash chromatography with hexane/ethyl acetate
5:1, 5m as a colorless oil (85 %). Rf � 0.20; 1H NMR (300 MHz, CDCl3):
�� 1.15 (s, 9 H), 2.00 ± 2.03 (m, 2H), 2.85 ± 2.87 (m, 4 H), 3.48 (s, 12H), 3.96
(s, 3 H); 13C NMR (75 MHz, CDCl3): �� 26.6 (CH2), 30.4 (3 CH3), 31.6
(CH2), 33.1 (CH2), 51.5 (2 CH3), 52.1 (2 CH3), 54.9 (C), 59.9 (CH3), 108.9
(C), 109.1 (C), 128.3 (C), 132.3 (C), 133.8 (C), 135.3 (C), 145.6 (C), 148.4
(C); elemental analysis calcd (%) for C20H31NO5: C 65.73, H 8.55, N 3.83;
found: C 65.99, H 8.78, N 4.02.


5-tert-Butylamino-1,2,3,4,7,8-hexahydro-6,7,7,8,8-pentamethoxycyclobu-
ta[a]naphthalene (5k): Prepared according to the general procedure
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described above to afford, after flash chromatography with hexane/ethyl
acetate 5:1, 5o as a colorless oil (87 %). Rf � 0.20; 1H NMR (300 MHz,
CDCl3): �� 1.13 (s, 9H), 1.65 ± 1.68 (m, 4H), 2.65 ± 2.69 (m, 2 H), 2.76 ± 2.78
(m, 2 H), 3.47 (s, 6 H), 3.48 (s, 6H), 3.96 (s, 3H); 13C NMR (75 MHz,
CDCl3): �� 21.8 (CH2), 22.7 (CH2), 26.3 (CH2), 27.6 (CH2), 30.5 (3 CH3),
51.8 (2 CH3), 52.0 (2 CH3), 54.6 (C), 59.8 (CH3), 108.7 (C), 109.3 (C), 126.9
(C), 127.5 (C), 136.6 (C), 137.1 (C), 138.7 (C), 148.2 (C); elemental analysis
calcd (%) for C21H33NO5: C 66.46, H 8.76, N 3.69; found: C 66.78, H 8.56, N
3.32.


5-Benzylamino-1,2,3,4,7,8-hexahydro-6,7,7,8,8-pentamethoxycyclobuta[a]-
naphthalene (5 l): Prepared according to the general procedure described
above to afford, after flash chromatography with hexane/ethyl acetate 5:1,
5p as a yellow oil (76 %). Rf � 0.23; 1H NMR (300 MHz, CDCl3): �� 1.75 ±
1.77 (m, 4H), 2.70 (t, J� 5.7 Hz, 2H), 2.85 (t, J� 5.7 Hz, 2 H), 3.53 (s, 12H),
3.91 (s, 2H), 25 ± 7.34 (m, 5 H); 13C NMR (75 MHz, CDCl3): �� 21.9 (CH2),
22.6 (CH2), 26.2 (CH2), 26.6 (CH2), 51.6 (2 CH3), 51.7 (2 CH3), 52.2 (CH2),
60.4 (CH3), 108.6 (C), 109.3 (C), 126.7 (CH), 127.3 (C), 127.5 (2 CH), 128.1
(2 CH), 128.8 (C), 132.5 (C), 135.3 (C), 139.3 (C), 140.2 (C), 144.0 (C).


6-tert-Butylamino-1,5,8,9-tetrahydro-7,8,8,9,9-pentamethoxy-3,3-dimethyl-
cyclobuta[1�,2�:3,4]benzo[e][1,3]dioxepine (5m): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 3:1, 5q as a colorless oil (92 %). Rf � 0.25;
1H NMR (200 MHz, CDCl3): �� 1.06 (s, 9 H), 1.45 (s, 6H), 3.45 (s, 6H), 3.46
(s, 6H), 3.97 (s, 3H), 4.89 (s, 2 H), 4.97 (s, 2 H); 13C NMR (50.3 MHz,
CDCl3): �� 23.7 (2 CH3), 30.2 (3 CH3), 51.6 (2 CH3), 52.2 (2 CH3), 55.1 (C),
59.9 (CH3), 61.5 (CH2), 61.5 (CH2), 102.1 (C), 108.7 (C), 109.2 (C), 126.9
(C), 127.8 (C), 135.3 (C), 135.7 (C), 140.7 (C), 150.0 (C).


3-Benzylamino-2,7,7,8,8-pentamethoxy-4-phenylbicyclo[4.2.0]octa-1,3,5-
triene (5n): Prepared according to the general procedure described above
to afford, after flash chromatography with hexane/ethyl acetate 5:1, 5s as a
colorless oil (82 %). Rf � 0.28; 1H NMR (300 MHz, CDCl3): �� 3.55 (s,
6H), 3.61 (s, 6 H), 3.87 (s, 2H), 4.05 (s, 3H), 6.96 (s, 1H), 7.00 ± 7.49 (m,
10H); 13C NMR (75 MHz, CDCl3): �� 51.1 (2 CH3), 51.4 (CH2), 52.1
(2 CH3), 60.0 (CH3), 108.7 (C), 109.3 (C), 118.4 (CH), 126.6 (CH), 126.9
(CH), 127.4 (2 CH), 127.9 (2 CH), 128.2 (2 CH), 128.6 (2 CH), 129.1 (C),
135.1 (C), 135.6 (C), 139.1 (C), 139.9 (C), 140.3 (C), 145.6 (C); elemental
analysis calcd (%) for C26H29NO5: C 71.70, H 6.71, N 3.22; found: C 71.96, H
8.02, N 3.03.


4-tert-Butylamino-2,5,6,7-tetrahydro-1,1,2,2,3-pentamethoxy-1H-cyclobu-
ta[1�,2�:5,6]benzo[b]pyrane (5o): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 3:1, 5t as a colorless oil (97 %). Rf � 0.36; 1H NMR
(300 MHz, CDCl3): �� 1.18 (s, 9 H), 1.86 ± 1.91 (m, 2 H), 2.76 (dd, J� 6.4,
5.6 Hz, 2H), 3.53 (s, 6 H), 3.56 (s, 6H), 3.91 (s, 3H), 4.15 (t, J� 4.9 Hz, 2H);
13C NMR (75 MHz, CDCl3): �� 22.1 (CH2), 24.5 (CH2), 30.6 (3 CH3), 52.1
(2 CH3), 52.4 (2 CH3), 55.0 (C), 60.0 (CH3), 65.9 (CH2), 108.8 (C), 109.1 (C),
123.3 (C), 124.6 (C), 129.3 (C), 138.5 (C), 143.5 (C), 144.1 (C); elemental
analysis calcd (%) for C20H31NO6: C 62.97, H 8.19, N 3.67; found: C 63.16, H
8.41, N 3.28.


Hydrolysis of aniline derivative 5 j : Compound 5 l (0.2 mmol) dissolved in
THF (2 mL) was treated with a saturated solution of K2CO3 in H2O (2 mL).
The mixture was stirred at room temperature for 15 minutes and then
extracted with diethyl ether (2� 10 mL). The organic layer was washed
with brine and dried over anhydrous Na2SO4. Product 6 was isolated after
column chromatography in a mixture of hexane/ethyl acetate 5:1.


4-Benzylamino-2,3,6,7-tetrahydro-5-methoxy-7,7-dimethyl-1H-cyclobu-
ta[1,2-e]inden-6-one (6): Prepared from 5 l as described above to afford,
after flash chromatography with hexane/ethyl acetate 5:1, 6 as a light yellow
oil (89 %). Rf � 0.28; 1H NMR (300 MHz, CDCl3): �� 1.45 (s, 6 H), 2.10 ±
2.20 (m, 2H), 2.81 (t, J� 7.4 Hz, 2H), 2.93 (t, J� 7.4 Hz, 2H), 4.16 (s, 3H),
4.33 (s, 2H), 7.27 ± 7.36 (m, 5H); 13C NMR (75 MHz, CDCl3): �� 22.4
(2 CH3), 26.2 (CH2), 28.7 (CH2), 32.2 (CH2), 51.2 (CH2), 60.1 (CH3), 62.2
(C), 127.0 (C), 127.1 (CH), 127.5 (2 CH), 128.4 (2 CH), 130.0 (C), 134.0 (C),
140.2 (C), 142.4 (C), 143.6 (C), 146.3 (C), 192.7 (C); HRMS (EI): calcd for
C21H23NO2: 321.1729; found: 321.1733.


General procedure for the preparation of cis-1,2-benzocyclobutene deriv-
atives 7: Compounds 5c ± e (1 mmol) dissolved in a mixture THF/H2O 10:1
were treated with an excess of trifluoroacetic acid (2 mL) at room
temperature. After 12 h, volatiles were removed in high vacuum (0.1 mm
Hg) and the residue was redissolved in dichloromethane, washed with 0.5�


NaOH and saturated NaCl solutions and dried over anhydrous Na2SO4. cis-
1,2-Diol derivatives were employed in the next reaction step without
further purification.


Protection of the hydroxyl groups as trimethylsilyl ethers was carried out by
adding chlorotrimethylsilane (2.2 mmol) and triethylamine (2.2 mmol) to
the crude obtained in the previous step dissolved in dry THF (10 mL). The
mixture was stirred under nitrogen atmosphere for 12 h, hydrolysed with
H2O (10 mL) and extracted with tert-butyl methyl ether (2� 10 mL). The
organic layer was washed with brine, dried over anhydrous Na2SO4 and
chromatographed with hexane/ethyl acetate 20:1. When tert-butyldime-
thylsilyl was chosen as protective group, the experimental procedure
followed was identical, but 2.2 mmol of TBSCl were used as silylating agent
and 4 mmol of imidazole as base.


cis-4-tert-Butylamino-2,3,6,7-tetrahydro-5-methoxy-6,7-bis(trimethylsilyl-
oxy)-1H-cyclobuta[1,2-e]indene (7a): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 20:1, 7a as a colorless oil (76 %). Rf � 0.22; 1H NMR
(300 MHz, CDCl3): �� 0.16 (s, 9H), 0.21 (s, 9 H), 1.12 (s, 9 H), 1.83 ± 1.92
(m, 1 H), 1.96 ± 2.04 (m, 1 H), 2.67 ± 2.85 (m, 4 H), 2.94 (br s, 1 H), 3.92 (s,
3H), 5.23 (d, J� 3.5 Hz, 1H), 5.48 (d, J� 3.5 Hz, 1H); 13C NMR (75 MHz,
CDCl3): �� 0.3 (3 CH3), 0.4 (3 CH3), 26.8 (CH2), 30.3 (3 CH3), 30.6 (CH2),
32.9 (CH2), 55.2 (C), 57.4 (CH3), 73.6 (CH), 75.2 (CH), 127.6 (C), 131.8 (C),
132.4 (C), 137.5 (C), 145.3 (C), 148.9 (C); HRMS: calcd for C22H40NO3Si2


[M�H]�: 422.2547; found: 422.2552; MS (FAB� ): m/z (%): 422 (9), 326
(65), 313 (28), 281 (41), 207 (100).


cis-4-tert-Butylamino-6,7-bis(tert-butyldimethylsilyloxy)-2,3,6,7-tetrahy-
dro-5-methoxy-1H-cyclobuta[1,2-e]indene (7b): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 20:1, 7b as a colorless oil (62 %). Rf � 0.54;
1H NMR (300 MHz, CDCl3): �� 0.11 (s, 3H), 0.15 (s, 3 H), 0.19 (s, 3 H), 0.22
(s, 3H), 0.95 (s, 9H), 1.16 (s, 9 H), 1.88 ± 2.07 (m, 2H), 2.74 ± 2.90 (m, 4H),
3.93 (s, 3H), 5.39 (d, J� 3.9 Hz, 1H), 5.52 (d, J� 3.9 Hz, 1H); 13C NMR
(75 MHz, CDCl3): ���4.7 (CH3), �4.2 (CH3), �3.7 (CH3), �3.5 (CH3),
18.2 (C), 18.5 (C), 26.0 (3 CH3), 26.2 (3 CH3), 26.8 (CH2), 30.4 (3 CH3), 31.1
(CH2), 32.9 (CH2), 55.2 (C), 57.9 (CH3), 75.1 (CH), 76.0 (CH), 128.4 (C),
132.1 (C), 132.9 (C), 138.0 (C), 145.4 (C), 149.1 (C); HRMS: calcd for
C28H51NO3Si2: 505.3407; found: 505.3392; MS (70 eV): m/z (%): 505 (40),
491 (38), 490 (100), 434 (43), 302 (21), 245 (37).


cis-5-tert-Butylamino-7,8-bis(tert-butyldimethylsilyloxy)-1,2,3,4,7,8-hexa-
hydro-6-methoxycyclobuta[a]naphthalene (7c): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 20:1, 7c as a colorless oil (68 %). Rf � 0.56;
1H NMR (200 MHz, CDCl3): �� 0.08 (s, 3H), 0.10 (s, 3 H), 0.17 (s, 3 H), 0.22
(s, 3H), 0.96 (s, 9 H), 1.00 (s, 9 H), 1.18 (s, 9 H), 1.18 (s, 9H), 1.59 ± 1.72 (m,
4H), 2.63 ± 2.79 (m, 4 H), 3.89 (s, 3 H), 5.36 (d, J� 3.7 Hz, 1H), 5.54 (d, J�
3.7 Hz, 1 H); 13C NMR (50.3 MHz, CDCl3): ���4.1 (CH3), �3.9 (CH3),
�3.7 (CH3), �3.5 (CH3), 18.3 (C), 18.6 (C), 22.1 (CH2), 23.1 (CH2), 25.3
(CH2), 26.1 (3 CH3), 26.3 (3 CH3), 27.6 (CH2), 30.6 (3 CH3), 54.9 (C), 57.7
(CH3), 75.1 (CH), 76.4 (CH), 126.7 (C), 127.8 (C), 134.7 (C), 137.7 (C), 141.5
(C), 148.5 (C); elemental analysis calcd (%) for C29H53NO3Si2: C 66.99, H
10.28, N 2.69; found: C 67.24, H 10.46, N 2.51.


cis-5-Benzylamino-7,8-bis(tert-butyldimethylsilyloxy)-1,2,3,4,7,8-hexahy-
dro-6-methoxycyclobuta[a]naphthalene (7d): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 20:1, 7d as a colorless oil (62 %). Rf � 0.59;
1H NMR (300 MHz, CDCl3): �� 0.12 (s, 3H), 0.18 (s, 3 H), 0.18 (s, 3 H), 0.24
(s, 3H), 0.97 (s, 9 H), 1.00 (s, 9 H), 1.73 ± 1.75 (m, 4H), 2.67 ± 2.81 (m, 4H),
3.89 (s, 3 H), 4.12 (br s, 2 H), 5.36 (d, J� 3.7 Hz, 1H), 5.52 (d, J� 3.7 Hz,
1H), 7.26 ± 7.49 (m, 5H); 13C NMR (75 MHz, CDCl3): ���4.1 (CH3), �3.7
(CH3), �3.5 (CH3), �3.0 (CH3), 18.3 (C), 18.6 (C), 22.2 (CH2), 22.6 (CH2),
23.0 (CH2), 25.6 (CH2), 26.1 (3 CH3), 26.2 (3 CH3), 52.6 (CH2), 58.5 (CH3),
75.1 (CH), 74.8 (CH), 127.0 (CH), 127.2 (C), 128.0 (2 CH), 128.3 (2 CH),
128.8 (C), 130.1 (C), 132.2 (C), 139.7 (C), 140.5 (C), 144.9 (C); HRMS (EI):
calcd for C32H51NO3Si2: 553.3407; found: 553.3413.


cis-3-tert-Butylamino-7,8-bis(tert-butyldimethylsilyloxy)-4-phenyl-2-me-
thoxybicyclo[4.2.0]octa-1,3,5-triene (7e): Prepared according to the gen-
eral procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 20:1, 7e as a colorless oil (86 %). Rf � 0.55; 1H NMR
(300 MHz, CDCl3): �� 0.24 (s, 12H), 0.88 (s, 9H), 1.01 (s, 18H), 3.29 (br s,
1H), 4.07 (s, 3 H), 5.40 (d, J� 3.7 Hz, 1 H), 5.62 (d, J� 3.7 Hz, 1H), 6.77 (s,
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1H), 7.30 ± 7.46 (m, 5H); 13C NMR (75 MHz, CDCl3): ���5.1 (CH3), �4.0
(CH3), �4.0 (CH3), �3.6 (CH3), 18.2 (C), 18.5 (C), 25.9 (3 CH3), 26.2
(3 CH3), 30.2 (3 CH3), 54.7 (C), 57.6 (CH3), 75.2 (CH), 75.8 (CH), 118.2
(CH), 126.5 (CH), 127.9 (2 CH), 129.0 (C), 129.8 (2 CH), 133.9 (C), 141.6
(C), 142.1 (C), 142.2 (C), 150.9 (C); elemental analysis calcd (%) for
C31H51NO3Si2: C 68.71, H 9.49, N 2.58; found: C 68.97, H 9.26, N 2.77.


General procedure for the preparation of benzocyclobutenedione deriv-
atives 9 : The synthesis of compounds 9 involved reaction of 5j, l, n, o
(1 mmol) with an excess of trifluoroacetic acid (3 mL) in a mixture THF/
H2O 10:1 at room temperature for 12 h. After volatiles had been removed
in high vacuum (0.1 mm Hg), the residue was redissolved in dichloro-
methane, washed with 0.5� NaOH and saturated NaCl solutions, dried
over anhydrous Na2SO4 and cromatographed in a mixture of hexane:ethyl
acetate 5:1.


4-tert-Butylamino-2,3,6,7-tetrahydro-5-methoxy-1H-cyclobuta[1,2-e]in-
den-6,7-dione (9a): Prepared according to the general procedure described
above to afford, after flash chromatography with hexane/ethyl acetate 5:1,
9a as a bright yellow solid (85 %). Rf � 0.25; m.p. 83 ± 85 �C; 1H NMR
(200 MHz, CDCl3): �� 1.38 (s, 9H), 2.23 (quint., J� 7.4 Hz, 2H), 2.90 (t,
J� 7.4 Hz, 2H), 3.16 (t, J� 7.4 Hz, 2 H), 4.23 (s, 3 H); 13C NMR (50.3 MHz,
CDCl3): �� 25.0 (CH2), 30.8 (CH2), 31.0 (3 CH3), 32.4 (CH2), 54.6 (C), 59.7
(CH3), 133.0 (C), 140.1 (C), 141.2 (C), 146.4 (C), 155.6 (C), 156.1 (C), 190.2
(C), 190.5 (C); elemental analysis calcd (%) for C16H19NO3: C 70.31, H 7.01,
N 5.12; found: C 70.20, H 7.34, N 5.45.


5-Benzylamino-1,2,3,4,7,8-hexahydro-6-methoxycyclobuta[a]naphthalen-
7,8-dione (9b): Prepared according to the general procedure described
above to afford, after flash chromatography with hexane/ethyl acetate 5:1,
9b as a bright yellow solid (61 %). Rf � 0.32; m.p. 79 ± 81 �C; 1H NMR
(300 MHz, CDCl3): �� 1.75 ± 1.88 (m, 4 H), 2.58 (dd, J� 6.3, 5.7 Hz, 2H),
2.99 ± 3.01 (m, 2H), 4.10 (s, 3H), 4.70 (s, 2 H), 7.24 ± 7.37 (m, 5H); 13C NMR
(75 MHz, CDCl3): �� 20.8 (CH2), 22.1 (CH2), 26.0 (CH2), 26.6 (CH2), 50.8
(CH2), 60.1 (CH3), 127.2 (2 CH), 127.4 (CH), 128.6 (2 CH), 128.9 (C), 135.1
(C), 138.7 (C), 139.4 (C), 142.4 (C), 154.3 (C), 159.1 (C), 190.5 (C), 191.0
(C); elemental analysis calcd (%) for C20H19NO3: C 74.75, H 5.96, N 4.36;
found: C 74.54, H 6.21, N 4.55.


3-Benzylamino-4-phenyl-2-methoxybicyclo[4.2.0]octa-1,3,5-trien-7,8-dione
(9c): Prepared according to the general procedure described above to
afford, after flash chromatography with hexane/ethyl acetate 5:1, 9c as a
bright yellow solid (61 %). Rf � 0.27; m.p. 85 ± 87 �C; 1H NMR (300 MHz,
CDCl3): �� 4.13 (s, 2H), 4.25 (s, 3H), 7.07 (d, J� 7.7 Hz, 2H), 7.22 ± 7.50 (m,
9H); 13C NMR (75 MHz, CDCl3): �� 50.3 (CH2), 60.5 (CH3), 117.9 (CH),
127.0 (2 CH), 127.3 (CH), 128.3 (2 CH), 128.4 (2 CH), 128.5 (CH), 128.8
(2 CH), 138.0 (C), 138.4 (C), 138.6 (C), 141.0 (C), 142.1 (C), 153.8 (C), 158.8
(C), 189.9 (C), 190.7 (C); elemental analysis calcd (%) for C22H17NO3: C
76.95, H 4.99, N 4.08; found: C 77.09, H 5.23, N 4.32.


4-tert-Butylamino-2,5,6,7-tetrahydro-3-methoxy-1H-cyclobuta[1�,2�:5,6]-
benzo[b]pyran-1,2-dione (9d): Prepared according to the general proce-
dure described above to afford, after flash chromatography with hexane/
ethyl acetate 5:1, 9d as a bright yellow solid (61 %). Rf � 0.18; m.p. 76 ±
78 �C; 1H NMR (300 MHz, CDCl3): �� 1.33 (s, 9H), 2.03 ± 2.08 (m, 2H),
2.66 (t, J� 6.3 Hz, 2H), 4.13 (s, 3H), 4.27 (t, J� 5.1 Hz, 2 H); 13C NMR
(75 MHz, CDCl3): �� 21.1 (CH2), 23.6 (CH2), 31.2 (3 CH3), 55.8 (C), 59.7
(CH3), 66.0 (CH2), 124.0 (C), 138.4 (C), 144.3 (C), 144.5 (C), 149.1 (C),
152.1 (C), 187.6 (C), 190.1 (C); elemental analysis calcd (%) for C16H19NO4:
C 66.42, H 6.62, N 4.84; found: C 66.17, H 6.91, N 4.66.


General procedure for the preparation of trans-1,2-benzocyclobutene
derivatives 8 : Reduction of compounds 9 to the corresponding trans-1,2-
diol derivatives was carried out according to the experimental procedure
reported by Danishefsky and co-workers:[5a] Compounds 9 (1 mmol) were
dissolved in methanol (30 mL) and cooled to 0 �C. NaBH4 (2 mmol) was
added in small portions, and the resulting mixture was stirred at the same
temperature for 30 minutes. The reaction was then quenched with acetone
(2 mL) and solvents were removed in vacuum (10 mm Hg). The residue was
redissolved in ethyl acetate (30 mL) and filtered through a pad of silica gel.
The resulting diols were used in the next reaction step without further
purification.


Protection of the hydroxyl groups as trimethylsilyl or tert-butyldimethyl-
silyl ethers was performed by the same experimental procedure described
for the analogous cis-derivatives 7. Systems 8 were also purified by column
chromatography.


trans-4-tert-Butylamino-2,3,6,7-tetrahydro-5-methoxy-6,7-bis(trimethylsi-
lyloxy)-1H-cyclobuta[1,2-e]indene (8a): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 20:1, 8a as a colorless oil (63 %). Rf � 0.55; 1H NMR
(300 MHz, CDCl3): �� 0.17 (s, 9H), 0.20 (s, 9 H), 1.12 (s, 9 H), 1.93 ± 1.98
(m, 2 H), 2.00 ± 2.77 (m, 2H), 2.81 (t, J� 7.1 Hz, 2 H), 3.00 (br s, 1 H), 3.89 (s,
3H), 4.86 (s, 1H), 5.04 (s, 1 H); 13C NMR (75 MHz, CDCl3): �� 0.1 (3 CH3),
0.3 (3 CH3), 26.7 (CH2), 30.1 (CH2), 30.3 (3 CH3), 32.8 (CH2), 55.1 (C), 57.3
(CH3), 78.4 (CH), 79.4 (CH), 124.3 (C), 131.5 (C), 132.3 (C), 133.9 (C),
145.2 (C), 148.9 (C); HRMS: calcd for C22H40NO3Si2 [M�H]�: 422.2547;
found: 422.2558; MS (FAB� ): m/z (%): 422 (6), 326 (71), 313 (32), 281
(56), 207 (100).


trans-4-tert-Butylamino-6,7-bis(tert-butyldimethylsilyloxy)-2,3,6,7-tetrahy-
dro-5-methoxy-1H-cyclobuta[1,2-e]indene (8b): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 20:1, 8b as a colorless oil (56 %). Rf � 0.53;
1H NMR (300 MHz, CDCl3): �� 0.16 (s, 12H), 0.94 (s, 9H), 0.96 (s, 9H),
1.18 (s, 9 H), 1.97 ± 2.05 (m, 2 H), 2.81 (t, J� 7.7 Hz, 2 H), 2.87 (t, J� 7.2 Hz,
2H), 3.95 (s, 3H), 4.93 (br s, 1H), 5.09 (br s, 1H); 13C NMR (75 MHz,
CDCl3): ���4.6 (CH3), �4.4 (CH3), �4.1 (CH3), �4.0 (CH3), 17.9 (C),
18.1 (C), 25.7 (3 CH3), 25.8 (3 CH3), 26.9 (CH2), 30.4 (3 CH3), 30.6 (CH2),
32.9 (CH2), 55.2 (C), 57.5 (CH3), 78.8 (CH), 80.0 (CH), 125.1 (C), 131.8 (C),
132.5 (C), 134.4 (C), 145.2 (C), 148.9 (C); HRMS: calcd for C28H51NO3Si2:
505.3407; found: 505.3411; MS (70 eV): m/z (%): 505 (35), 491 (24), 490
(100), 434 (23), 302 (7), 245 (31).


trans-5-Benzylamino-1,2,3,4,7,8-hexahydro-6-methoxy-7,8-trimethylsily-
loxycyclobuta[a]naphthalene (8c): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 20:1, 8c as a colorless oil (64 %). Rf � 0.57; 1H NMR
(300 MHz, CDCl3): �� 0.29 (s, 9H), 0.32 (s, 9H), 1.82 ± 1.91 (m, 4 H), 2.69 ±
2.82 (m, 4H), 3.98 (s, 3H), 4.13 (d, J� 13.4 Hz, 1 H), 4.19 (d, J� 13.4 Hz,
1H), 5.02 (s, 1 H), 5.12 (s, 1H), 7.29 ± 7.44 (m, 5H); 13C NMR (75 MHz,
CDCl3): �� 0.2 (3 CH3), 0.4 (3 CH3), 22.0 (CH2), 22.9 (CH2), 24.5 (CH2),
26.0 (CH2), 52.4 (CH2), 57.4 (CH3), 78.5 (CH), 79.0 (CH), 123.8 (C), 125.7
(C), 126.6 (CH), 127.7 (2 CH), 128.0 (2 CH), 132.2 (C), 134.9 (C), 136.4 (C),
140.4 (C), 144.9 (C); HRMS (EI): calcd for C26H39NO3Si2: 469.2468; found:
469.2475.


trans-5-Benzylamino-7,8-bis(tert-butyldimethylsilyloxy)-1,2,3,4,7,8-hexahy-
dro-6-methoxycyclobuta[a]naphthalene (8d): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 20:1, 8d as a colorless oil (86 %). Rf � 0.59;
1H NMR (300 MHz, CDCl3): �� 0.15 (s, 3H), 0.17 (s, 3 H), 0.18 (s, 3 H), 0.22
(s, 3H), 0.98 (s, 9 H), 1.01 (s, 9 H), 1.78 ± 1.81 (m, 4H), 2.72 ± 2.75 (m, 4H),
3.97 (s, 3 H), 4.14 (d, J� 13.5 Hz, 1H), 4.20 (d, J� 13.5 Hz, 1 H), 5.02 (br s,
1H), 5.12 (s, ancho, 1H), 7.27 ± 7.44 (m, 5H); 13C NMR (75 MHz, CDCl3):
���4.2 (2 CH3), �4.1 (CH3), �3.9 (CH3), 17.9 (C), 18.2 (C), 22.2 (CH2),
23.1 (CH2), 24.9 (CH2), 25.7 (3 CH3), 25.8 (3 CH3), 26.2 (CH2), 52.6 (CH2),
57.8 (CH3), 79.1 (CH), 79.7 (CH), 124.9 (C), 126.4 (C), 126.9 (CH), 127.9
(2 CH), 128.2 (2 CH), 132.3 (C), 135.5 (C), 136.8 (C), 140.7 (C), 144.9 (C);
HRMS (EI): calcd for C32H51NO3Si2: 553.3407; found: 553.3402.


trans-3-Benzylamino-2-methoxy-7,8-trimethylsilyloxy-4-phenylbicy-
clo[4.2.0]octa-1,3,5-triene (8e): Prepared according to the general proce-
dure described above to afford, after flash chromatography with hexane/
ethyl acetate 20:1, 8e as a colorless oil (59 %). Rf � 0.57; 1H NMR
(300 MHz, CDCl3): �� 0.24 (s, 9 H), 0.26 (s, 9H), 3.79 (d, J� 13.4 Hz, 1H),
3.88 (d, J� 13.4 Hz, 1H), 4.05 (s, 3H), 4.91 (s, 1 H), 5.15 (s, 1H), 6.68 (s,
1H), 7.07 ± 7.10 (m, 2H), 7.19 ± 7.26 (m, 3H), 7.32 ± 7.42 (m, 5 H); 13C NMR
(75 MHz, CDCl3): �� 0.0 (3 CH3), 0.3 (3 CH3), 52.0 (CH2), 57.8 (CH3), 78.6
(CH), 790 (CH), 117.8 (CH), 125.3 (C), 126.7 (CH), 126.8 (CH), 127.8
(2 CH), 128.1 (2 CH), 128.3 (2 CH), 129.0 (2 CH), 135.5 (C), 136.3 (C), 136.3
(C), 140.3 (C), 140.9 (C), 146.5 (C); HRMS: calcd for C28H38NO3Si2


[M�H]�: 492.2390; found: 492.2377; MS (FAB� ): m/z (%):492 (3), 475
(12), 355 (21), 281 (85), 221 (100), 207 (92).


trans-3-tert-Butylamino-7,8-bis(tert-butyldimethylsilyloxy)-2-methoxy-4-
phenylbicyclo[4.2.0]octa-1,3,5-triene (8 f): Prepared according to the gen-
eral procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 20:1, 8 f as a colorless oil (54 %). Rf � 0.55; 1H NMR
(300 MHz, CDCl3): �� 0.21 (s, 3 H), 0.24 (s, 3 H), 0.26 (s, 3H), 0.29 (s, 3H),
1.01 (s, 9H), 1.01 (s, 9H), 3.85 (d, J� 13.1 Hz, 1H), 3.91 (d, J� 13.1 Hz,
1H), 4.11 (s, 3 H), 4.98 (br s, 1H), 5.19 (br s, 1H), 6.76 (s, 1 H), 7.13 ± 7.51 (m,
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10H); 13C NMR (75 MHz, CDCl3): ���5.2 (CH3), �4.7 (CH3), �4.3
(CH3), �3.6 (CH3), 17.8 (C), 17.9 (C), 25.7 (3 CH3), 25.8 (3 CH3), 52.1 (CH2),
58.1 (CH3), 78.9 (CH), 79.3 (CH), 118.0 (CH), 125.6 (C), 126.7 (CH), 126.8
(CH), 127.8 (2 CH), 128.1 (2 CH), 128.3 (2 CH), 129.0 (2 CH), 135.2 (C),
136.2 (C), 136.4 (C), 140.4 (C), 141.0 (C), 146.6 (C); elemental analysis
calcd (%) for C34H49NO3Si2: C 70.91, H 8.58, N 2.43; found: C 71.12, H 8.95,
N 2.14.


trans-4-tert-Butylamino-1,2-bis(tert-butyldimethylsilyloxy)-2,5,6,7-tetrahy-
dro-3-methoxy-1H-cyclobuta[1�,2�:5,6]benzo[b]pyrane (8g): Prepared ac-
cording to the general procedure described above to afford, after flash
chromatography with hexane/ethyl acetate 20:1, 8g as a colorless oil
(33 %). Rf � 0.45; 1H NMR (300 MHz, CDCl3): 0.09 (s, 3 H), 0.12 (s, 3H),
0.16 (s, 6H), 0.92 (s, 9 H), 0.95 (s, 9H), 1.27 (s, 9 H), 1.72 ± 1.79 (m, 2H),
2.67 ± 2.68 (m, 2 H), 3.91 (s, 3 H), 3.96 ± 4.12 (m, 2 H), 4.95 (s, 1 H), 5.05 (s,
1H); 13C NMR (75 MHz, CDCl3): ���5.1 (CH3), �5.0 (CH3), �4.5
(CH3), �4.2 (CH3), 17.9 (C), 18.2 (C), 22.5 (CH2), 24.3 (CH2), 25.7 (3 CH3),
25.8 (3 CH3), 30.6 (3 CH3), 55.1 (C), 57.4 (CH3), 65.3 (CH2), 77.7 (CH), 79.8
(CH), 122.7 (C), 124.5 (C), 125.4 (C), 135.0 (C), 143.8 (C), 144.4 (C);
elemental analysis calcd (%) for C28H51NO4Si2: C 64.44, H 9.85, N 2.68;
found: C 64.67, H 9.98, N 2.39.


General procedure for the thermal reaction of trans-1,2-bis(trialkylsilyl-
oxy)benzocyclobutene derivatives 8 and dienophiles : A solution of
benzocyclobutene 8 (0.3 mmol) and the corresponding dienophile
(1 mmol) in dry toluene (10 mL) was refluxed under nitrogen atmosphere
until TLC analysis revealed the complete disappearance of the starting
material and the formation of a new compound. Cycloadducts were
purified in all the cases by column chromatography.


Transformation of compound 11a in its derivative 12a was performed by
stirring a mixture of 11a (0.2 mmol) and a 1� solution of tetrabutylammo-
nium fluoride (TBAF) in THF (2 mL, ca. 1 % of H2O) at room temperature
for 10 minutes. After removal of the solvent in vacuum (10 mm Hg),
dichloromethane (10 mL) was added and the organic layer was washed
with brine and dried over anhydrous Na2SO4. Compound 12a was purified
by filtration through a pad of silica gel.


(�)-(6R,9S)-Methyl[4-tert-butylamino-6,9-bis(tert-butyldimethylsilyloxy)-
2,3,6,9-tetrahydro-5-methoxy-1H-cyclopenta[a]naphthalene-7-carboxy-
late] and (�)-(6S,9S)-methyl[4-tert-butylamino-6,9-bis(tert-butyldimethyl-
silyloxy)-2,3,6,9-tetrahydro-5-methoxy-1H-cyclopenta[a]naphthalene-8-
carboxylate] (10, regioisomeric ratio 1:1): Prepared according to the
general procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 3:1, 10 as a light yellow oil (62 %) and as a 1:1
mixture of regioisomers. Rf � 0.47; 1H NMR (300 MHz, CDCl3): �� 0.09 (s,
3H), 0.11 (s, 3 H), 0.12 (s, 3H), 0.14 (s, 3 H), 0.16 (s, 6H), 0.18 (s, 3 H), 0.92
(s, 18H), 0.94 (s, 9 H), 0.95 (s, 9H), 1.31 (s, 18H), 1.98 ± 2.05 (m, 4 H), 2.62 ±
2.67 (m, 4H), 2.80 ± 2.85 (m, 4H), 3.60 (s, 3H), 3.61 (s, 3H), 3.89 (s, 6H),
4.90 (s, 1 H), 4.91 (s, 1 H), 5.03 (s, 2 H), 7.88 (br s, 1 H), 7.92 (br s, 1H);
13C NMR (75 MHz, CDCl3): ���4.7 (CH3), �4.6 (CH3), �4.4 (CH3),
�4.1 (CH3), �4.0 (2 CH3), �3.9 (CH3), �3.7 (CH3), 17.8 (2 C), 18.0 (C),
18.1 (C), 25.5 (CH2), 25.6 (CH2), 25.7 (3 CH3), 25.7 (3 CH3), 30.1 (3 CH3),
30.1 (3 CH3), 30.3 (CH2), 30.6 (CH2), 31.4 (2 CH2), 50.3 (2 CH3), 58.0 (CH),
58.0 (CH), 58.1 (CH3), 58.3 (CH3), 78.6 (CH), 78.6 (CH), 79.5 (CH), 79.6
(CH), 126.4 (C), 126.6 (C), 131.9 (C), 132.2 (C), 139.6 (2 C), 147.7 (C), 148.9
(2 CH), 150.5 (C), 150.6 (C), 170.2 (C), 170.3 (C); HRMS: calcd for
C32H55NO5Si2: 589.3619; found: 589.3630; MS (FAB� ): m/z (%): 589
(100), 558 (11), 532 (15), 402 (16).


Dimethyl(4-tert-butylamino-6-tert-butyldimethylsilyloxy-2,3-dihydro-5-
methoxy-1H-cyclopenta[a]naphthalene-7,8-dicarboxylate) (11a): Prepared
according to the general procedure described above to afford, after flash
chromatography with hexane/ethyl acetate 5:1, 11a as a white solid (82 %).
M.p. 126 ± 128 �C; Rf � 0.39; 1H NMR (300 MHz, CDCl3): �� 0.04 (s, 6H),
0.99 (s, 9H), 1.33 (s, 9 H), 2.21 (quint., J� 7.4 Hz, 2H), 3.11 (t, J� 7.4 Hz,
2H), 3.24 (t, J� 7.4 Hz, 2 H), 3.64 (s, 3 H), 3.89 (s, 3H), 3.90 (s, 3 H), 7.98 (s,
1H); 13C NMR (75 MHz, CDCl3): ���3.7 (2 CH3), 18.4 (C), 24.7 (CH2),
26.1 (3 CH3), 31.3 (3 CH3), 31.9 (CH2), 34.8 (CH2), 52.2 (CH3), 54.3 (C), 61.2
(CH3), 121.4 (C), 122.1 (CH), 123.0 (C), 124.1 (C), 127.6 (C), 137.7 (C), 138.3
(C), 139.9 (C), 146.5 (C), 148.5 (C), 167.0 (C), 168.1 (C); elemental analysis
calcd (%) for C28H41NO6Si: C 65.21, H 8.01, N 2.72; found: C 65.49, H 7.72,
N 2.20.


Dimethyl (7-benzylamino-1-tert-butyldimethylsilyloxy-8-methoxy-6-phe-
nylnaphthalene-2,3-dicarboxylate) (11b): Prepared according to the gen-


eral procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 5:1, 11b as a yellow solid (85 %). M.p. 135 ± 137 �C;
Rf � 0.43; 1H NMR (300 MHz, CDCl3): �� 0.07 (s, 3 H), 0.08 (s, 3 H), 0.99
(s, 9 H), 3.51 (s, 3H), 3.89 (s, 3 H), 3.92 (s, 3 H), 3.99 (s, 2H), 7.10 ± 7.12 (m,
2H), 7.19 ± 7.29 (m, 4 H), 7.41 ± 7.60 (m, 3H), 7.62 ± 7.63 (m, 2H), 8.04 (s,
1H); 13C NMR (75 MHz, CDCl3): ���3.8 (CH3), 1.0 (CH3), 18.4 (C), 26.0
(3 CH3), 51.5 (CH2), 52.2 (CH3), 52.3 (CH3), 61.4 (CH3), 122.3 (C), 123.5
(C), 123.6 (C), 12.8 (CH), 127.1 (CH), 127.1 (CH), 127.6 (CH), 127.8 (2 CH),
128.4 (2 CH), 128.6 (2 CH), 128.7 (2 CH), 129.7 (C), 135.0 (C), 139.3 (C),
140.0 (C), 140.1 (C), 144.5 (C), 147.6 (C), 166.5 (C), 168.0 (C); elemental
analysis calcd (%) for C34H39NO6Si: C 69.71, H 6.71, N 2.39; found: C 70.02,
H 6.45, N 2.08.


Dimethyl (4-tert-butylamino-2,3-dihydro-6-hydroxy-5-methoxy-1H-cyclo-
penta[a]naphthalene-7,8-dicarboxylate) (12a): Prepared from 11a accord-
ing to the experimental procedure described above to afford, after flash
chromatography with hexane/ethyl acetate 5:1, 12a as a white solid (94 %).
M.p. 132 ± 134 �C; Rf � 0.29; 1H NMR (300 MHz, CDCl3): �� 1.28 (s, 9H),
2.24 (quint. , J� 7.4 Hz, 2H), 3.00 (t, J� 7.4 Hz, 2H), 3.26 (t, J� 7.4 Hz,
2H), 3.26 (t, J� 7.4 Hz, 2 H), 3.91 (s, 3 H), 3.96 (s, 3H), 3.99 (s, 3 H), 7.83 (s,
1H), 10.66 (br s, 1H); 13C NMR (75 MHz, CDCl3): �� 23.8 (CH2), 30.7
(CH3), 31.9 (CH2), 32.4 (CH2), 52.3 (CH3), 52.6 (CH3), 55.7 (C), 60.1 (CH3),
113.8 (C), 119.1 (CH), 124.5 (C), 127.5 (C), 135.6 (C), 138.0 (C), 141.2 (C),
141.2 (C), 147.0 (C), 152.5 (C), 166.6 (C), 168.9 (C); elemental analysis calcd
(%) for C22H27NO6: C 65.82, H 6.78, N 3.49; found: C 65.98, H 6.44, N 3.61.


(�)-(4aR,5R,10S,10aS)-7-Benzylamino-5,10-bis(tert-butyldimethylsilyl-
oxy)-1,4,5,10-tetrahydro-6-methoxy-8-phenylantracen-1,4-dione (13): Pre-
pared according to the general procedure described above to afford, after
flash chromatography with hexane/ethyl acetate 5:1, 13 as a red solid
(40 %). M.p. 145 ± 147 �C; Rf � 0.50; 1H NMR (300 MHz, CDCl3): �� 0.06
(s, 3H), 0.08 (s, 3H), 0.18 (s, 3 H), 0.20 (s, 3 H), 0.76 (s, 9H), 0.77 (s, 9H),
3.83 (s, 3H), 4.08 (d, J� 13.8 Hz, 1H), 4.15 (d, J� 13.8 Hz, 1 H), 5.64 (s,
1H), 5.99 (s, 1H), 6.82 (s, 2H), 6.95 (s, 1H), 7.03 ± 7.38 (m, 10 H); 13C NMR
(75 MHz, CDCl3): ���5.1 (CH3), �4.8 (CH3), �4.3 (CH3), �4.2 (CH3),
18.1 (C), 18.3 (C), 25.7 (3 CH3), 25.9 (3 CH3), 51.0 (CH2), 57.7 (CH3), 59.5
(CH), 62.8 (CH), 126.9 (CH), 127.3 (CH), 127.3 (CH), 127.8 (2 CH), 128.3
(2 CH), 128.6 (2 CH), 128.9 (2 CH), 129.7 (C), 130.3 (C), 133.1 (C), 136.2
(CH), 136.3 (CH), 139.2 (C), 139.2 (C), 140.0 (C),141.8 (C),141.9 (C),148.7
(C),186.8 (C), 187.2 (C); HRMS: calcd for C40H52NO5Si2: 682.3384; found:
682.3371 [M�H]� ; MS (FAB� ): m/z (%): 682 (9), 624 (23), 550 (21), 460
(12), 419 (100); elemental analysis calcd (%) for C40H51NO5Si2: C 70.44, H
7.54, N 2.05; found: C 70.62, H 7.79, N 1.76.


4-tert-Butylamino-2,3,7,10-tetrahydro-5-methoxy-1H-cyclopenta[a]antra-
cen-7,10-dione (14a): Prepared according to the general procedure
described above to afford, after flash chromatography with hexane/ethyl
acetate 5:1, 14a as a red solid (67 or 72 %). M.p. 145 ± 147 �C; Rf � 0.29;
1H NMR (200 MHz, CDCl3): �� 1.37 (s, 9H), 2.29 (tdd, J� 7.7, 7.4, 7.2 Hz,
2H), 3.07 (dd, J� 7.7, 7.2 Hz, 2H), 3.36 (dd, J� 7.7, 7.4 Hz, 2H), 3.89 (s, 3H),
7.03 (s, 2 H), 8.47 (s, 1H), 8.78 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 24.2
(CH2), 30.9 (CH3), 31.7 (CH2), 33.2 (CH2), 55.2 (C), 60.4 (CH3), 123.3 (CH),
125.8 (CH), 126.1 (C), 127.4 (C), 127.6 (C), 130.0 (C), 138.3 (C), 139.1 (C),
139.9 (CH), 140.0 (CH), 142.1 (C), 146.7 (C), 184.9 (C), 185.0 (C); HRMS:
calcd for C22H23NO3: 349.1678; found: 349.1686; MS (70 eV): m/z (%): 349
(32), 334 (14), 278 (100), 260 (21), 204 (32); elemental analysis calcd (%)
for C22H23NO3: C 75.62, H 6.63, N 4.01; found: C 75.88, H 6.90, N 3.73.


7-Benzylamino-1,4-dihydro-6-methoxy-8-phenylantracen-1,4-dione (14b):
Prepared according to the general procedure described above to afford,
after flash chromatography with hexane/ethyl acetate 5:1, 14b as a red solid
(45 %). M.p. 153 ± 155 �C ; Rf � 0.47; 1H NMR (300 MHz, CDCl3): �� 3.87
(s, 3 H), 4.27 (s, 2H), 7.03 (s, 2H), 7.14 ± 7.15 (m, 2 H), 7.22 ± 7.26 (m, 3H),
7.44 ± 7.46 (m, 5H), 7.61 (s, 1H), 8.47 (s, 1 H), 8.74 (s, 1H); 13C NMR
(75 MHz, CDCl3): �� 50.6 (CH2), 60.8 (CH3), 121.7 (CH), 126.1 (C), 127.3
(CH), 127.6 (2 CH), 128.1 (CH), 128.2 (CH), 128.5 (2 CH), 128.5 (C), 128.8
(2 CH), 128.9 (2 CH), 129.1 (CH), 129.4 (C), 129.9 (C), 137.4 (C), 138.5 (C),
139.6 (C), 139.8 (CH), 139.8 (C), 140.2 (CH), 144.2 (C), 184.5 (C), 185.0
(C); HRMS: calcd for C28H22NO3 [M�H]�: 420.1600; found: 420.1602; MS
(FAB� ): m/z (%): 420 (65), 355 (29), 307 (40), 281 (100), 221 (62);
elemental analysis calcd (%) for C28H21NO3: C 80.17, H 5.05, N 3.34; found:
C 80.50, H 5.23, N 3.02.


(�)-(6R,6aR,9aS,10S)-4-tert-Butylamino-2,3,6,6a,7,9,9a-octahydro-5-meth-
oxy-6,10-bis(trimethylsilyloxy)-1H-cyclopenta[1�,2�:6,7]naphtho[2,3-c]pyr-
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role-7,9-dione (15a): Prepared according to the general procedure descri-
bed above to afford, after flash chromatography with hexane/ethyl acetate
5:1, 15a as a white solid (86 %). M.p. 131 ± 133 �C; Rf � 0.31; 1H NMR
(300 MHz, CDCl3): ���0.06 (s, 9H), 0.05 (s, 9H), 1.25 (s, 9 H), 1.98 ± 2.20
(m, 2 H), 2.89 (dd, J� 7.7, 6.3 Hz, 2 H), 3.01 (dd, J� 7.7, 6.8 Hz, 2H), 3.21 ±
3.31 (m, 2H), 3.79 (s, 3H), 5.44 (d, J� 4.8 Hz, 1 H), 5.71 (d, J� 5.1 Hz, 1H),
7.26 ± 7.30 (m, 2H), 7.37 ± 7.42 (m, 1H), 7.47 ± 7.51 (m, 2 H); 13C NMR
(75 MHz, CDCl3): ���0.1 (3 CH3), 0.0 (3 CH3), 25.3 (CH2), 30.7 (3 CH3),
31.3 (CH2), 32.2 (CH2), 46.4 (CH), 47.1 (CH), 55.0 (C), 60.2 (CH3), 61.3
(CH), 64.6 (CH), 126.8 (2 CH), 128.3 (CH), 129.0 (2 CH), 129.1 (C), 129.9
(C), 132.4 (C), 137.0 (C), 137.6 (C), 139.9 (C), 150.8 (C), 176.1 (C), 176.2
(C); HRMS: calcd for C32H47N2O5Si2 [M�H]�: 595.3024; found: 595.3008;
MS (FAB� ): m/z (%):595 (55), 594 (100), 579 (14), 505 (81), 449 (15);
elemental analysis calcd (%) for C32H46N2O5Si2: C 64.61, H 7.79, N 4.71;
found: C 63.87, H 7.46, N 4.58.


(�)-(6R,6aR,9aS,10S)-4-tert-Butylamino-6,10-bis(tert-butyldimethylsilyl-
oxy)-2,3,6,6a,7,9,9a-octahydro-5-methoxy-8-phenyl-1H-cyclopen-
ta[1�,2�:6,7]naphtho[2,3-c]pyrrole-7,9-dione (15b): Prepared according to
the general procedure described above to afford, after flash chromatog-
raphy with hexane/ethyl acetate 5:1, 15b as a white solid (84 %). M.p. 129 ±
130 �C; Rf � 0.30; 1H NMR (300 MHz, CDCl3): �� 0.09 (s, 3 H), 0.11 (s,
3H), 0.20 (s, 3 H), 0.22 (s, 3 H), 0.72 (s, 9 H), 0.79 (s, 9 H), 1.26 (s, 9H), 2.01 ±
2.17 (m, 2 H), 2.85 ± 2.92 (m, 2 H), 2.97 ± 3.19 (m, 2 H), 3.26 (dd, J� 6.2,
5.4 Hz, 1H), 3.31 (dd, J� 6.2, 5.4 Hz, 1H), 3.80 (s, 3H), 5.45 (d, J� 5.4 Hz,
1H), 5.72 (d, J� 5.4 Hz, 1H); 13C NMR (75 MHz, CDCl3): ���5.3 (CH3),
�5.0 (CH3), �4.4 (CH3), �3.8 (CH3), 18.3 (C), 18.5 (C), 25.3 (CH2), 26.3
(3 CH3), 26.6 (3 CH3), 30.7 (3 CH3), 31.7 (CH2), 32.4 (CH2), 46.7 (CH), 46.8
(CH), 55.1 (C), 60.0 (CH3), 61.7 (CH), 64.8 (CH), 126.9 (2 CH), 128.4 (CH),
129.0 (2 CH), 129.6 (C), 130.0 (C), 132.2 (C), 137.0 (C), 137.7 (C), 140.0 (C),
151.1 (C), 175.7 (C), 176.0 (C); elemental analysis calcd (%) for
C38H58N2O5Si2: C 67.21, H 8.61, N 4.13; found: C 67.43, H 8.29, N 4.44.


(�)-(7R,7aR,10aS,11S)-5-Benzylamino-1,2,3,4,7,7a,8,10,10a,11-decahydro-
6-methoxy-7,11-bis(trimethylsilyloxy)-9-phenylphenantreno[2,3-c]pyrrole-
8,10-dione (15c): Prepared according to the general procedure described
above to afford, after flash chromatography with hexane/ethyl acetate 5:1,
15c as a white solid (73 %). M.p. 127 ± 129 �C; Rf � 0.33; 1H NMR
(300 MHz, CDCl3): �� 0.01 (s, 9H), 0.08 (s, 9H), 1.78 ± 1.83 (m, 4H),
2.50 ± 2.56 (m, 2H), 2.91 ± 2.94 (m, 2H), 3.27 ± 3.29 (m, 2 H), 3.85 (s, 3H),
4.29 (d, J� 13.3 Hz, 1H), 4.50 (d, J� 13.3 Hz, 1 H), 5.72 (dd, J� 3.1, 1.8 Hz,
1H), 5.81 (dd, J� 3.4, 2.1 Hz, 1H), 7.28 ± 7.56 (m, 10H); 13C NMR (75 MHz,
CDCl3): ���0.1 (3 CH3), 0.3 (3 CH3), 22.4 (CH2), 22.6 (CH2), 25.8 (CH2),
26.5 (CH2), 45.8 (CH), 47.3 (CH), 51.5 (CH2), 60.3 (CH3), 60.8 (CH2), 62.2
(CH2), 126.8 (2 CH), 127.1 (CH), 127.8 (2 CH), 128.3 (C), 128.4 (CH), 128.5
(2 CH), 129.1 (2 CH), 129.5 (C), 129.8 (C), 130.5 (C), 132.4 (C), 140.0 (C),
140.4 (C), 146.3 (C), 176.2 (C), 176.5 (C); elemental analysis calcd (%) for
C36H46N2O5Si2: C 67.25, H 7.21, N 4.36; found: C 67.52, H 7.49, N 4.67.


(�)-(3aR,4R,9S,9aS)-6-Benzylamino-3,3a,4,9,9a,10-hexahydro-5-methoxy-
4,9-bis(trimethylsilyloxy)-7-phenylnaphtho[2,3-c]pyrrole-1,3-dione (15d):
Prepared according to the general procedure described above to afford,
after flash chromatography with hexane/ethyl acetate 5:1, 15d as a white
solid (82 %). M.p. 124 ± 125 �C; Rf � 0.31; 1H NMR (300 MHz, CDCl3): ��
0.00 (s, 9 H), 0.01 (s, 9H), 3.34 ± 3.36 (m, 2H), 3.88 (s, 3 H), 4.12 (s, 2H), 5.30
(d, J� 4.3 Hz, 1 H), 5.81 (d, J� 4.3 Hz, 1 H), 6.92 (s, 1 H), 7.06 ± 7.09 (m,
2H), 7.20 ± 7.51 (m, 3H); 13C NMR (75 MHz, CDCl3): ���0.2 (3 CH3), 0.1
(3 CH3), 46.4 (CH), 46.8 (CH), 50.9 (CH2), 60.5 (CH3), 60.6 (CH), 67.6
(CH), 125.9 (CH), 126.8 (2 CH), 126.9 (CH), 127.4 (CH), 127.7 (2 CH), 128.3
(2 CH), 128.4 (CH), 128.6 (2 CH), 128.8 (2 CH), 130.5 (C), 130.8 (C), 132.3
(C), 134.0 (C), 139.2 (C), 139.7 (C), 139.8 (C), 148.0 (C), 175.9 (C), 175.9
(C); elemental analysis calcd (%) for C38H44N2O5Si2: C 68.64, H 6.67, N
4.21; found: C 68.93, H 6.34, N 4.02.


(�)-(3aR,4R,9S,9aS)-6-Benzylamino-4,9-bis(tert-butyldimethylsilyloxy)-
3,3a,4,9,9a,10-hexahydro-5-methoxy-7-phenylnaphtho[2,3-c]pyrrole-1,3-
dione (15e): Prepared according to the general procedure described above
to afford, after flash chromatography with hexane/ethyl acetate 5:1, 15e as
a white solid (82 %). M.p. 134 ± 136 �C; Rf � 0.36; 1H NMR (300 MHz,
CDCl3): �� 0.07 (s, 3H), 0.10 (s, 3H), 0.10 (s, 3H), 0.17 (s, 3H), 0.78 (s, 9H),
0.81 (s, 9 H), 3.32 (dd, J� 10.8, 5.7 Hz, 1H), 3.40 (dd, J� 10.8, 5.7 Hz, 1H),
3.87 (s, 3H), 4.05 (d, J� 14.0 Hz, 1H), 4.14 (d, J� 14.0 Hz, 1H), 5.32 (d, J�
5.7 Hz, 1H), 5.79 (d, J� 5.7 Hz, 1 H), 6.92 (s, 1H), 7.02 ± 7.05 (m, 2H), 7.18 ±
7.51 (s, 13H); 13C NMR (75 MHz, CDCl3): ���5.1 (CH3), �4.8 (CH3),
�4.7 (CH3), �4.0 (CH3), 18.3 (C), 18.5 (C), 26.4 (3 CH3), 26.5 (3 CH3), 46.2


(CH), 46.8 (CH), 51.1 (CH2), 60.5 (CH3), 61.0 (CH), 67.7 (CH), 126.0 (C),
126.9 (2 CH), 127.0 (CH), 127.5 (CH), 127.8 (2 CH), 128.4 (2 CH), 128.4
(CH), 128.7 (2 CH), 128.8 (2 CH), 129.0 (2 CH), 129.1 (CH), 130.9 (C), 132.3
(C), 132.3 (C), 134.1 (C), 139.2 (C), 139.2 (C), 148.2 (C), 175.5 (C), 175.5
(C); elemental analysis calcd (%) for C44H56N2O5Si2 C 70.55, H 7.54, N 3.74;
found: C 70.21, H 7.32, N 3.95.


5-Benzylamino-1,2,3,4,8,10-hexahydro-6-methoxy-9-phenylphenantre-
no[2,3-c]pyrrole-8,10-dione (16): Prepared according to the general
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 5:1, 16 as a yellow solid (49 %). M.p. 131 ± 132 �C; Rf �
0.42; 1H NMR (300 MHz, CDCl3): �� 1.92 ± 1.94 (m, 4 H), 2.69 ± 2.73 (m,
2H), 3.20 (t, J� 6.1 Hz, 2H), 3.85 (s, 3 H), 4.62 (s, 2 H), 7.27 ± 7.57 (m, 10H),
8.54 (s, 1 H), 8.61 (s, 1 H); 13C NMR (75 MHz, CDCl3): 22.2 (CH2), 22.4
(CH2), 26.3 (CH2), 26.4 (CH2), 51.2 (CH2), 60.6 (CH3), 118.3 (CH), 120.6
(CH), 124.0 (C), 126.6 (2 CH), 126.7 (C), 127.5 (CH), 127.8 (2 CH), 127.9
(CH), 128.7 (2 CH), 129.1 (2 CH), 129.7 (C), 130.4 (C), 131.5 (C), 131.8 (C),
132.1 (C), 134.1 (C), 140.0 (C), 142.0 (C), 167.7 (C), 167.8 (C); elemental
analysis calcd (%) for C30H26N2O3 C 77.90, H 5.67, N 6.06; C 78.13, H 5.99, N
5.83.


General procedure for the thermal reaction of cis-1,2-bis(trialkylsilyl-
oxy)benzocyclobutene derivatives 7 and dienophiles : A solution of
benzocyclobutene 7 (0.3 mmol) and the corresponding dienophile
(1 mmol) in dry toluene (10 mL) was introduced in a sealed tube and
heated at 160 �C under nitrogen atmosphere. The evolution of the reactions
was monitored by 1H NMR analysis in 6 h intervals. When all the starting
material had been consumed and a new compound had been formed,
typically after 24 to 48 h, the crude mixture was directly chromatographed.


Analytical and spectroscopical data of compound 11a, which was achieved
in 52% yield from 7b and DMAD, have been reported in the previous
section. The cycloadduct derived from thermal treatment of 7c and DMAD
in the standard experimental conditions could not be properly purified by
column chromatography, so it was necessary to carry out the deprotection
of the tert-butyldimethylsilyl moiety in the crude mixture: treatment of the
crude 11b with a 1� solution of tetrabutylammonium fluoride (TBAF) in
THF (2 mL, ca. 1 % of H2O) at room temperature for 10 minutes, removal
of the solvent in vacuo (10 mm Hg), extractive workup and column
chromatography afforded 12b.


Dimethyl(6-tert-butylamino-7,8,9,10-tetrahydro-4-hydroxy-5-methoxyphe-
nantreno-2,3-dicarboxylate) (12b): Prepared according to the experimental
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 5:1, 12b as a light yellow solid (53 %). M.p. 160 ±
162 �C; Rf � 0.36; 1H NMR (300 MHz, CDCl3): �� 1.30 (s, 9H), 1.87 ± 1.90
(m, 4H), 2.67 ± 2.69 (m, 2H), 3.05 ± 3.14 (m, 2H), 3.92 (s, 3 H), 3.93 (s, 3H),
4.00 (s, 3H), 8.09 (s, 1H), 10.72 (s, 1 H); 13C NMR (75 MHz, CDCl3): ��
22.2 (CH2), 22.5 (CH2), 26.4 (CH2), 26.5 (CH2), 30.6 (3 CH3), 52.4 (CH3),
52.6 (CH3), 55.8 (C), 59.7 (CH3), 114.1 (C), 117.5 (CH), 118.3 (C), 124.2 (C),
130.1 (C), 131.0 (C), 134.1 (C), 136.9 (C), 146.0 (C), 152.2 (C), 166.8 (C),
169.0 (C); HRMS: calcd for C23H30NO6 [M�H]�: 416.2073; found:
416.2067; MS (FAB� ): m/z (%): 416 (9), 415 (43), 401 (42), 355 (24),
281 (79), 221 (100); elemental analysis calcd (%) for C23H29NO6: C 66.49, H
7.04, N 3.37; found: C 66.74, H 7.35, N 3.76.


(�)-(1S,4S)-Dimethyl[7-tert-Butylamino-1,4-bis(tert-butyldimethylsilyl-
oxy)-1,4-dihydro-8-methoxy-6-phenylnaphthalen-2,3-dicarboxylate] (17):
Prepared according to the general procedure described above to afford,
after flash chromatography with hexane/ethyl acetate 3:1, 17 a white solid
(85 %). M.p. 118 ± 119 �C; Rf � 0.50; 1H NMR (300 MHz, CDCl3): �� 0.08
(s, 3H), 0.11 (s, 3H), 0.16 (s, 3 H), 0.17 (s, 3 H), 0.80 (s, 9H), 0.91 (s, 9H),
0.95 (s, 9 H), 3.81 (s, 6H), 3.84 (s, 6H), 5.81 (s, 1 H), 6.10 (s, 1H), 7.17 (s, 1H),
7.26 ± 7.40 (m, 5H); 13C NMR (75 MHz, CDCl3): ���5.0 (CH3), �4.3
(CH3), 18.0 (C), 18.1 (C), 25.6 (3 CH3), 25.7 (3 CH3), 30.3 (3 CH3), 52.0
(CH3), 52.2 (CH3), 54.9 (C), 60.2 (CH3), 61.4 (CH), 67.9 (CH), 121.9 (CH),
127.0 (CH), 128.3 (2 CH), 128.9 (C), 129.4 (2 CH), 131.1 (C), 135.0 (C), 136.8
(C), 137.7 (C), 141.0 (C), 151.8 (C), 153.2 (C), 164.8 (C), 167.2 (C);
elemental analysis calcd (%) for C31H45NO7Si2: C 62.07, H 7.56, N 2.33;
found: C 61.79, H 7.35, N 2.01.


(�)-(6S,6aR,9aS,10S)-4-tert-Butylamino-8-phenyl-2,3,6,6a,7,9,9a-octahy-
dro-5-methoxy-6,10-bis(trimethylsilyloxy)-1H-cyclopenta[1�,2�:6,7]naph-
tho[2,3-c]pyrrole-7,9-dione (18a): Prepared according to the experimental
procedure described above to afford, after flash chromatography with
hexane/ethyl acetate 5:1, 18a as a white solid (66 %, with a conversion of
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63% based on compound 7a). M.p. 125 ± 126 �C; Rf � 0.33; 1H NMR
(200 MHz, CDCl3): �� 0.11 (s, 9H), 0.26 (s, 9H), 1.22 (s, 9 H), 1.75 ± 2.05
(m, 2 H), 2.73 ± 2.81 (m, 2H), 2.98 ± 3.10 (m, 1H), 3.24 ± 3.40 (m, 1 H), 3.43
(dd, J� 8.5, 6.4 Hz, 1H), 3.60 (dd, J� 8.5, 3.1 Hz, 1 H), 3.71 (s, 3H), 5.74 (d,
J� 3.1 Hz, 1 H), 5.92 (d, J� 6.4 Hz, 1 H), 6.76 ± 6.81 (m, 2H), 7.27 ± 7.33 (m,
3H); 13C NMR (75 MHz, CDCl3): �� 0.0 (3 CH3), 0.0 (3 CH3), 25.6 (CH2),
30.7 (3 CH3), 31.7 (CH2), 33.0 (CH2), 45.3 (CH), 49.0 (CH), 55.2 (C), 60.3
(CH3), 65.1 (CH), 68.1 (CH), 126.4 (2 CH), 128.3 (CH), 128.9 (2 CH), 131.7
(C), 135.2 (C), 136.9 (C), 142.3 (C), 149.9 (C), 174.7 (C), 175.6 (C); HRMS:
calcd for C32H47N2O5Si2 [M�H]�: 595.3024; found: 595.3016; MS (FAB� ):
m/z (%): 595 (58), 594 (100), 579 (12), 505 (65), 449 (70), 433 (34);
elemental analysis calcd (%) for C32H46N2O5Si2: C 64.61, H 7.79, N 4.71;
found : C 63.45, H 7.47, N 4.99.


(�)-(6S,6aR,9aS,10S)-4-tert-Butylamino-6,10-bis(tert-butyldimethylsilyl-
oxy)-2,3,6,6a,7,9,9a-octahydro-5-methoxy-8-phenyl-1H-cyclopen-
ta[1�,2�:6,7]naphtho[2,3-c]pyrrole-7,9-dione (18b): Prepared according to
the experimental procedure described above to afford, after flash
chromatography with hexane/ethyl acetate 5:1, 18b as a white solid
(61 %). M.p. 129 ± 130 �C; Rf � 0.32; 1H NMR (300 MHz, CDCl3): ��
�0.12 (s, 3 H), 0.19 (s, 3H), 0.26 (s, 6H), 0.90 (s, 9 H), 1.05 (s, 9 H), 1.22
(s, 9H), 1.74 ± 1.85 (m, 1H), 1.98 ± 2.08 (m, 1 H), 2.73 ± 2.82 (m, 2H), 3.00 ±
3.12 (m, 1 H), 3.48 (dd, J� 8.5, 6.4 Hz), 3.61 (dd, J� 8.5, 2.8 Hz, 1 H), 3.68
(s, 3 H), 5.71 (d, J� 2.8 Hz, 1 H), 6.03 (d, J� 6.4 Hz, 1 H), 6.69 ± 6.73 (m,
2H), 7.29 ± 7.34 (m, 3H); 13C NMR (75 MHz, CDCl3): ���5.6 (CH3), �4.9
(2 CH3), �4.6 (CH3), 17.8 (C), 18.2 (C), 25.7 (3 CH3), 25.8 (CH2), 26.0
(3 CH3), 30.7 (3 CH3), 31.7 (CH2), 33.5 (CH2), 45.4 (CH), 49.4 (CH), 55.3
(C), 60.2 (CH3), 65.4 (CH), 68.9 (CH), 126.2 (C), 126.5 (2 CH), 128.4 (CH),
129.0 (2 CH), 129.0 (C), 131.7 (C), 134.9 (C), 136.7 (C), 142.5 (C), 149.8 (C),
174.7 (C), 175.7 (C); HRMS: calcd for C38H58N2O5Si2: 678.3884; found:
678.3891; MS (FAB� ): m/z (%): 678 (100), 663 (14), 621 (62), 547 (69), 491
(46); elemental analysis calcd (%) for C38H58N2O5Si2: C 67.21, H 8.61, N
4.13; found: C 67.43, H 8.29, N 4.44.


(�)-(3aR,4S,9S,9aS)-6-tert-Butylamino-4,9-bis(tert-butyldimethylsilyl-
oxy)-3,3a,4,9,9a,10-hexahydro-5-methoxy-2,7-diphenylnaphtho[2,3-c]pyr-
role-1,3-dione (18c): Prepared according to the experimental procedure
described above to afford, after flash chromatography with hexane/ethyl
acetate 5:1, 18c as a white solid (23 %). M.p. 141 ± 143 �C; Rf � 0.34;
1H NMR (300 MHz, CDCl3): ���0.10 (s, 3H), 0.20 (s, 3H), 0.24 (s, 3H),
0.27 (s, 3H), 0.90 (s, 9H), 0.93 (s, 9H), 1.00 (s, 9 H), 3.48 (br s, 1 H), 3.54 (dd,
J� 8.3, 7.4 Hz, 1 H), 3.67 (dd, J� 8.3, 3.1 Hz, 1H), 3.82 (s, 3 H), 5.80 (d, J�
3.1 Hz, 1H), 5.82 (d, J� 7.4 Hz, 1H), 6.75 ± 6.78 (m, 2H), 7.24 ± 7.42 (m,
9H); 13C NMR (75 MHz, CDCl3): ���5.5 (CH3), �5.1 (CH3), �4.9
(2 CH3), 17.8 (C), 18.4 (C), 25.6 (3 CH3), 25.8 (3 CH3), 30.3 (3 CH3), 44.6
(CH), 49.4 (CH), 55.2 (C), 59.9 (CH3), 64.8 (CH), 66.7 (CH), 121.2 (CH),
126.4 (2 CH), 127.0 (CH), 127.3 (C), 128.4 (2 CH), 128.4 (CH), 128.9 (2 CH),
129.3 (2 CH), 131.8 (C), 133.5 (C), 136.6 (C), 139.6 (C), 140.9 (C), 151.3 (C),
173.6 (C), 175.4 (C); HRMS: calcd for C41H59N2O5Si2 [M�H]�: 715.3963;
found: 715.3952; MS (FAB� ): m/z (%): 715 (55), 714 (90), 699 (40), 657
(100), 583 (32); elemental analysis calcd (%) for C41H58N2O5Si2: C 68.86, H
8.18, N 3.92; found: C 69.04, H 8.35, N 3.66.


(�)-(3aR,4R,9R,9aS)-6-tert-Butylamino-4,9-bis(tert-butyldimethylsilyl-
oxy)-3,3a,4,9,9a,10-hexahydro-5-methoxy-2,7-diphenylnaphtho[2,3-c]pyr-
role-1,3-dione (19): Prepared according to the experimental procedure
described above to afford, after flash chromatography with hexane/ethyl
acetate 5:1, 18c as a white solid (34 %). M.p. 124 ± 126 �C; Rf � 0.30;
1H NMR (300 MHz, CDCl3): ���0.19 (s, 3H), 0.11 (s, 3H), 0.20 (s, 3H),
0.28 (s, 3H), 0.78 (s, 9H), 0.95 (s, 9H), 0.97 (s, 9H), 3.14 (br s, 2 H), 3.86 (s,
3H), 5.57 ± 5.59 (m, 1 H), 5.76 (br s, 1 H), 7.26 ± 7.49 (m, 11H); 13C NMR
(75 MHz, CDCl3): ���5.6 (CH3), �5.2 (CH3), �4.4 (CH3), �3.9 (CH3),
17.7 (C), 18.3 (C), 25.5 (3 CH3), 26.1 (3 CH3), 30.3 (3 CH3), 47.7 (CH), 48.5
(CH), 55.2 (C), 60.5 (CH3), 64.1 (CH), 67.5 (CH), 122.1 (CH), 126.4 (2 CH),
126.4 (C), 127.1 (CH), 128.2 (CH), 128.4 (2 CH), 129.0 (2 CH), 129.3 (2 CH),
132.0 (C), 135.6 (C), 136.5 (C), 138.9 (C), 140.9 (C), 150.4 (C), 175.2 (C),
177.0 (C); HRMS: calcd for C41H59N2O5Si2 [M�H]�: 715.3963; found:
715.3958; MS (FAB� ): m/z (%): 715 (20), 714 (31), 657 (100), 583 (28), 527
(19); elemental analysis calcd (%) for C41H58N2O5Si2: C 68.86, H 8.18, N
3.92; found: C 69.04, H 8.35, N 3.66.


General procedure for the thermal treatment of benzocyclobutenedione
derivatives 9 in methanol : A solution of benzocyclobutene 9 (0.5 mmol) in
dry methanol (10 mL) was introduced in a sealed tube and heated at 100 �C
under nitrogen atmosphere until 1H NMR analyses revealed that all the


starting material had been consumed. The benzo[c]furane derivatives 20
were purified by chromatography.


4-tert-Butylamino-2,3,6,8-tetrahydro-2,5-dimethoxy-1H-inden[3,4-e]furan-
6-one (20a): Prepared according to the experimental procedure described
above to afford, after flash chromatography with hexane/ethyl acetate 5:1,
20a as a yellow oil (92 %). Rf � 0.26; 1H NMR (300 MHz, CDCl3): �� 1.30
(s, 9 H), 2.07 (quint. , J� 7.4 Hz, 2 H), 3.84 (t, J� 7.4 Hz, 2H), 3.15 (t, J�
7.4 Hz, 2H), 3.84 (s, 3 H), 3.95 (s, 3 H), 7.21 (s, 1H); 13C NMR (75 MHz,
CDCl3): �� 25.5 (CH2), 31.1 (3 CH3), 32.1 (CH2), 33.2 (CH2), 52.5 (CH3),
54.7 (C), 55.7 (CH3), 111.2 (CH), 120.6 (C), 137.4 (C), 140.8 (C), 142.6 (C),
149.7 (C), 165.9 (C), 185.4 (C); HRMS: calcd for C17H23NO4: 305.1627;
found: 305.1616; MS (70 eV): m/z (%): 305 (47), 290 (53), 246 (28), 190
(100).


6-Benzylamino-1,3-dihydro-3,7-dimethoxy-5-phenylbenzo[c]furan-1-one
(20b): Prepared according to the experimental procedure described above
to afford, after flash chromatography with hexane/ethyl acetate 5:1, 20b as
a yellow oil (88 %). Rf � 0.27; 1H NMR (300 MHz, CDCl3): �� 3.91 (s, 3H),
3.93 (s, 3 H), 3.95 (s, 2 H), 5.14 (br s, 1 H), 7.04 (dd, J� 7.4, 2.0 Hz, 2 H), 7.21 ±
7.26 (m, 3H), 7.35 ± 7.40 (m, 5H), 7.43 (d, J� 1.9 Hz, 1 H), 7.50 (d, J� 1.9 Hz,
1H); 13C NMR (75 MHz, CDCl3): �� 50.4 (CH2), 52.5 (CH3), 56.0 (CH3),
108.3 (CH), 122.0 (C), 127.0 (C), 127.2 (2 CH), 127.3 (CH), 127.4 (CH), 128.4
(2 CH), 128.4 (2 CH), 129.1 (2 CH), 130.0 (CH), 139.3 (C), 139.7 (C), 143.0
(C), 148.5 (C), 164.8 (C), 184.2 (C).


5-tert-Butylamino-3,4,7,9-tetrahydro-6,9-dimethoxy-2H-furan[3�,4�:5,6]-
benzo[1,2-b]pyran-6-one (20c): The title compound was prepared accord-
ing to the procedure described above to afford, after flash chromatography
with hexane/ethyl acetate 5:1, 20c as a yellow oil (90 %). Rf � 0.17; 1H NMR
(300 MHz, CDCl3): �� 1.26 (s, 9 H), 1.93 ± 2.03 (m, 2 H), 2.62 ± 2.69 (m,
2H), 3.79 (s, 3 H), 3.88 (s, 3H), 4.07 ± 4.14 (m, 2 H), 7.23 (s, 1 H); 13C NMR
(75 MHz, CDCl3): �� 21.6 (CH2), 22.7 (CH2), 31.0 (3 CH3), 52.1 (CH3), 55.4
(CH3), 55.5 (C), 66.2 (CH2), 108.0 (CH), 114.1 (C), 116.9 (C), 144.2 (C),
146.9 (C), 152.4 (C), 166.8 (C), 184.8 (C); HRMS: calcd for C17H23NO5:
321.1576; found: 321.1577; MS (70 eV): m/z (%): 321 (39), 306 (18), 262
(43), 206 (100), 178 (12).
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Modular Bis(oxazoline) Ligands for Palladium Catalyzed Allylic
Alkylation: Unprecedented Conformational Behaviour of a
Bis(oxazoline) Palladium �3-1,3-Diphenylallyl Complex


Miquel Angel Perica¡s,*[a] Cristina Puigjaner,[a] Antoni Riera,[a] Anton Vidal-Ferran,[a]
Montserrat Go¬mez,[b] Francisco Jime¬nez,[b] Guillermo Muller,*[b] and Merce¡ Rocamora[b]


Abstract: New families of enantiopure bis(oxazolines) with 4,5-trans (5a ± g) or 4,5-
cis (6c) stereochemistry at the individual rings have been prepared in high yield.
Their �3-allyl palladium complexes (8a ± g, 9c and 10) have been used as catalytic
precursors in allylic alkylation reactions with excellent enantioselectivities (up to
96 %) for the trans oxazoline derivatives, while Pd/6c system was inactive. NMR
studies on palladium �3-1,3-diphenylallyl intermediates (11a, c and e) showed the
presence of syn/syn- and syn/anti-allyl isomers in solution; this resembles the first
example of �3-�1-�3 isomerism in Pd allylic complexes containing bis(oxazolines)
derived from malonic acid.


Keywords: allyl isomerism ¥ asym-
metric catalysis ¥ bis(oxazoline)
ligands ¥ NMR spectroscopy
¥ palladium


Introduction


Chiral ligands play a fundamental role in the complex
phenomenon of asymmetric catalysis.[1] Thus, they are not
only responsible for the activation of the metal atom where
the catalytic activity resides, but also for the generation of a
disymmetric environment around the metal atom which is in
the origin of the enantioselectivity of the process.


In most cases, the molecular recognition between the
metal ± ligand aggregate and the reacting molecule goes
beyond a simple interaction between functional groups. Even
the interaction between purely skeletal regions of these
species can contribute in a significant manner to the differ-
entiation between diastereomeric transition states and, hence,
to the enantioselectivity of the reactions.


Because of this, universally useful ligands are rare and
optimal ligands often vary, even within a single reaction type,
from one substrate to another.[2]


It is thus advisable that the toolkit of the synthetic chemist
contains families of ligands with slightly different steric
characteristics, so that enantioselectivity can be fine-tuned
for a particular substrate.[3]


For historical reasons, enantiopure chiral ligands have been
taken from the shelf of nature and used either directly or after
some simple manipulation. Those belonging to one of the
most successful types, �-amino alcohols, can be derived from
amino acids by reduction protocols; however, there are some
limitations due to both enantiomer availability and structural
type.[4]


We have shown that synthetic yet enantiopure epoxides,
readily available through well established reactions of very
broad scope, such as the Sharpless[5] and the Jacobsen
epoxidations,[6] are a most convenient source of structurally
diverse amino alcohols through regioselective ring-opening/
protection sequences (Scheme 1).[7]


These amino alcohols are devoid of the limitations encoun-
tered in those derived from natural amino acids, and we have
succeeded in developing optimal ligands for a variety of
processes and substrates through its structural fine-tuning.[8]
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Ar OR2
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OH


Sources of diversity


1 2


2


Scheme 1. Regioselective ring-opening/protection sequences of enantio-
pure epoxides.
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This is, in fact, greatly facilitated by the completely modular
nature of 2.


Amino alcohols 3, bearing a free amino group, are also
readily available in enantiopure form from epoxides 1 and still
present two elements of structural diversity. In fact, their
ruthenium complexes have been developed as efficient
mediators for transfer hydrogenation,[9] while the derived
oxazaborolidines 4 have been structurally optimized as
ligands for the catalytic enantioselective borane reduction of
prochiral ketones.[10]


Ar OR1


NH2


OH
N


Ar


O
B


N
R2


OR1


H


4


Sources of diversity


3a: R1 = CH3, Ar = Ph
3b: R1 = CH2Ph, Ar = Ph
3c: R1 = CHPh2, Ar = Ph
3d: R1 = CPh3, Ar = Ph
3e: R1 = (CH2)2OCH3, Ar = Ph
3f:  R1 = CHPh2, Ar = mesityl   
3g: R1 = CHPh2, Ar = 1-naphthyl


As a continuation of these efforts, we planned to investigate
the use of amino alcohols 3 for the preparation of bis(oxazo-
lines) 5 and 6.


N N


OO


Ar Ar
OR1R1ON N


OO


Ar Ar
OR1R1O


5 6


Metal complexes of bis(oxazolines) 7, ultimately derived
from amino acids, have successfully been employed as
catalysts in a variety of enantioselective processes.[11] Among
them, the palladium-catalyzed allylic substitution appeared as
especially well suited for the purpose of this research,[12] since
Ar and OR1 groups of different steric and electronic nature in
5 and 6 could, in principle, exert a tuning of the catalytic
activity and enantioselectivity of the corresponding �-allyl
palladium complexes 8 ± 12.


N N


OO


Ar Ar
OR1R1O


Pd
X


R R


N N


OO


R R


7
8-12


In line with these ideas, we report herein the synthesis of a
diverse family of bis(oxazolines) 5 and 6, bearing Ar and OR1


groups of different size, from the corresponding enantiopure
amino alcohols 3. An NMR study of �-allyl palladium
complexes involving symmetrically substituted allyl residues
(11, 12) and the use of the unsubstituted �-allyl complexes
(8 ± 10) as catalysts in the alkylation of rac-1,3-diphenylprop-
2-enyl acetate with dimethyl malonate are also reported.


Results and Discussion


Synthesis of the bis(oxazoline) ligands : According to our
synthetic plan, amino alcohols 3a ± g are the starting materials
for the preparation of bis(oxazolines) 5 ± 6.


These amino alcohols were readily prepared from epoxy-
alcohols 1 through a well-documented procedure involving
the initial conversion to a family of diverse epoxy ethers 13,
subsequent regioselective and stereospecific ring-opening of
the epoxides with azide in the presence of lithium perchlo-
rate[13] and final reduction of the intermediate azido alcohols
14 (Scheme 2). Whereas amino alcohols 3a ± e have been
previously reported and used as oxazaborolidine precursors
(3 f, g),[10] incorporating aryl groups other than phenyl as a
further source of diversity, have been designed and prepared
for the purposes of this research.


Ar OH Ar OCHPh2


Ar OCHPh2
Ar OCHPh2


N3
NH2


OH
OH


b)


c)


a)O O


 1f:   Ar = mesityl (>99% ee)
1g:   Ar = 1-naphthyl (86% ee)


 13f:   70%
13g:   87%


  3f:  42% (conv. 51%) (>99% ee)
 3g:  70% (>99% ee)14f 


14g


Scheme 2. Synthesis of chiral amino alcohols 3 from epoxyalcohols 1.
a) NaH, DMF, BrCHPh2, 0 �C, 17 h; b) NaN3, LiClO4, CH3CN, 55 �C, 24 h;
c) NaBH4, THF/MeOH, 55 ± 60 �C, 22 h.


The formation of epoxyethers 13a ± d, bearing alcohol
protecting groups of increasing size, and 13e, with a protecting
group with chelating ability, took place uneventfully by the
reported procedure.[10] For the synthesis of 13 f, g, in turn, the
corresponding epoxyalcohols 1 f[14] and 1g[15] were treated
with benzhydryl bromide in the presence of NaH in DMF at
0 �C. This led to the formation of 13 f, g in 70 and 87 % yield,
respectively. The regioselective and stereospecific ring-open-
ing step of these epoxyethers was carried out under Crotti×s
conditions, which involve the use of sodium azide in a 5�
LiClO4 solution in acetonitrile. Under these conditions, the
intermediate azido alcohols 14 f, g were obtained in quanti-
tative yield and were further converted into the final amino
alcohols 3 f, g without purification. The azido group in these
intermediates was reduced with sodium borohydride in THF/
MeOH, as these conditions turned out to be harmless to
benzylic ethers. Amino alcohol 3g was obtained in good yield
(70 %) and enantiomerically pure (�99 %) after enantiomeric
enrichment by selective crystallization of the racemate from
pentane/dichloromethane (1:1). However, the reduction of
14 f leading to 3 f posed some problem. After 22 hours at 55 ±
60 �C, conversion was only 51 %, although the reaction
proceeded very cleanly (83 % selectivity; 42 % yield). An
increase in the temperature (80 �C) and in the reaction time
(2 d) did not improve this result. Most probably, the difficul-
ties observed in reduction of this azide can be attributed to the
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presence of the two methyl groups in the ortho position of the
mesityl group, which could strongly hinder the approach of
the nucleophile to the reacting carbon.


With the family of amino alcohols 3a ± g at hand, their
conversion into bis(oxazolines) was studied next. Interest-
ingly the substitution scheme in 3 offers the possibility of
systematic variations of steric, electronic, and binding char-
acteristics of the target ligands as well as the selection of the
stereochemistry (cis or trans) in the individual oxazoline rings
in order to achieve improved catalytic behaviour. Up to now,
examples of bis(oxazolines) with a 4,5-disubstitution scheme
in the individual rings, as those being the target of our
research,[12b, 16] have been scarce. However, stereodivergent
methodology for the preparation of cis- or trans-substituted
derivatives from a single, stereodefined amino alcohol has
already been developed.[16a]


Studies directed to the conversion of amino alcohols 3a ± g
into the corresponding trans bis(oxazolines) 5 were first
undertaken. These are, in fact, the expected products in the
usual preparation of mono- and bis(oxazolines) from amino
alcohols, which usually involves inversion at the hydroxyl-
bearing carbon atom. Thus, the usual three-step process
beginning with the condensation of malonic acid derivatives
with amino alcohols to form bis(hydroxyamide) intermediates
15 was followed (Scheme 3). The activation of the free
hydroxy groups in 15 allows a subsequent base-induced
cyclization taking place through SN2 mechanism which leads
to the target bis(oxazolines) 5. The major variations within
this general method lie in the use of diverse activating
agents[17] as well as different bases[17c] to affect the ring-closure
step. After some exploratory experiments, activation as
mesylate[17c] and the use of 5 % KOH/MeOH to induce
cyclization were selected as the most appropriate for amino
alcohols 3a ± g.


Ar OR1


NH2


OH


HNNH


OO


OR1OR1


OH


ArAr


HNNH


OO


OR1OR1


OMs


ArAr
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ArAr
OR1R1O
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b)
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O O


ClCl
OH


3 15


16 5
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Scheme 3. Three-step synthesis of bis(oxazolines) 5 from amino alcohols
3. a) Et3N, CH2Cl2; RT, 20 h; b) 2.2 equiv MsCl, 4.4 equiv Et3N, CH2Cl2,
0 �C�RT, 2 h; c) 5% KOH/MeOH, RT, 15 h.


The initial condensation of 3a ± g with dimethylmalonyl
dichloride was carried out in the presence of triethylamine at
room temperature for 20 h.[17a] The resulting bis(hydroxy-
amides) 15 were obtained in excellent yields in all cases
(Table 1) and were used as starting materials for the next step
without further purification. Next, the activation of the free
hydroxyl groups in 15a ± g was studied. Neither the use of
thionyl chloride[17a] nor treatment with methanesulfonic


acid[17b] induced a selective reaction. Fortunately, treatment
of the bis(hydroxyamides) 15a ± g with 2.2 equivalents of
methanesulfonyl chloride and 4.4 equivalents of triethylamine
in CH2Cl2 at 0 �C for two hours,[17c] afforded the corresponding
bis(mesylates) 16a ± g in quantitative yield. Due to limited
stability, it is advisable to perform the base-induced cycliza-
tion of 16 inmediately after its preparation. Potassium
hydroxide in MeOH (5 %)[17c] at room temperature provided
excellent results in the cyclization of 16 leading to bis(oxazo-
lines) 5. Somewhat surprisingly, other bases such as NaOH in
H2O/MeOH failed to induce cyclization.


Quite interestingly, bis(oxazolines) 5a ± g obtained by this
procedure were notably pure, so that further purification of
these highly polar materials was not necessary.[18] The derived
�-allyl palladium complexes could be prepared directly from
the crude reaction products and, thanks to its high crystallinity
(8, 9c, 10), allowed further purification whenever necessary
(see below).


The relative trans stereochemistry of the chiral centres in
the individual oxazoline rings of 5 was confirmed by means of
a NOESY experiment on 5c, where an NOE signal could be
observed between CH-N and the single CH2 unit (Figure 1).


Note the mean overall yield for the preparation of 5a ± g
from 3a ± g by the discussed procedure is 87 %.


As we have already mentioned, the trans stereochemistry in
the individual oxazoline rings in 5a ± g arises from the fact that
the cyclization step takes place with inversion of configuration
at C-2, where the hydroxyl substituent has been previously
activated as a mesylate. Therefore, the preparation of
bis(oxazolines) 6, with cis stereochemistry at the individual
rings, requires a synthetic route taking place with retention of
configuration at C-2. Among the different methods fulfilling
this requirement,[19] the Desimoni methodology,[19d] which
involves the use of a catalytic amount of Bu2SnCl2 to affect
both the activation and the cyclization of a bis(hydroxyamide)
intermediate, was selected. Starting from 15c, heating in
xylene under reflux for 48 hours in the presence of a catalytic


Table 1. Yields for the synthesis of trans 5a ± g bis(oxazolines).


N N


OO


Ar Ar
OR1R1O


5a: R1 = CH3, Ar = Ph
5b: R1 = CH2Ph, Ar = Ph
5c: R1 = CHPh2, Ar = Ph
5d: R1 = CPh3, Ar = Ph
5e: R1 = (CH2)2OCH3, Ar = Ph
5f:  R1 = CHPh2, Ar = mesityl  
5g: R1 = CHPh2, Ar = 1-naphthyl


Bis(oxazoline) A[a] B�C[a] Overall yield
[%] [%] [%]


5a 95 92 87
5b 80 96 77
5c 97 91 88
5d 99 96 95
5e 81 89 72
5 f 100 95 95
5g 100 93 93


[a] See Scheme 3.
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Figure 1. Part of the NOESY spectrum (3.5 ± 5 ppm) of 5c (arrows indicate
NOE contacts between H3 and H4 protons).


amount of Bu2SnCl2 afforded bis(oxazoline) 6c (Scheme 4).
The preparation of its �-allyl palladium complex allowed a
complete purification of the crude.


The poor catalytic results obtained with 6c, as it will be
discussed later, did not warrant the continuation of synthetic
efforts towards the preparation of related molecules with the
same stereochemistry. They could be important, however, as
catalytic ligands for different processes and, in that case, other
members of the same family could be readily obtained by the
same procedure.[11]


Allylic palladium complexes–NMR studies : Ionic palladium
complexes containing the non-substituted allyl (8a ± g, 9c and
10), 1,3-diphenylallyl (11a, c and e) and cyclohexenyl (12a)
groups were prepared from standard palladium dimer mate-
rials and the appropriate chiral ligand in the presence of
ammonium hexafluorophosphate (Scheme 5), following the


a)
[Pd(η3-allyl)(µ-X)]2    +    2 L [Pd(η3-allyl)(L)]PF6


(X = Cl, Br) 8a-g, 9c, 10:  allyl = C3H5


         11a,c,e:  allyl = 1,3-Ph2-C3H3


                  12a: allyl = cyclo-C6H9


Scheme 5. Synthesis of allyl complexes (8a ± g, 9c, 10, 11a, 11c, 11e, 12a)
containing bis(oxazolines). a) NH4PF6.


methodology previously described.[12b, 12h] These allyl com-
pounds were obtained as monometallic complexes of general
formula [Pd(�3-allyl)(L)]PF6, where the ligand is N,N-bonded
to the metallic centre, see below.
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OO


Ar Ar
OR1R1O
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N N


OO


Ph Ph
OCHPh2Ph2HCO
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N N
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Ph PhPd
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N N


OO


Ph Ph
OR1R1O


Pd
PF6


N N


OO


Ph Ph
OCH3H3CO


Pd
PF6


Ph Ph


8a: R1 = CH3, Ar = Ph
8b: R1 = CH2Ph, Ar = Ph
8c: R1 = CHPh2, Ar = Ph
8d: R1 = CPh3, Ar = Ph
8e: R1 = (CH2)2OCH3, Ar = Ph
 8f: R1 = CHPh2, Ar = mesityl  
8g: R1 = CHPh2, Ar = 1-naphthyl


10


9c


11a: R1 = CH3


11c: R1 = CHPh2


11e: R1 = (CH2)2OCH3


12a


Type-11 complexes, contain-
ing the more sterically demand-
ing 1,3-diphenylallyl ligand
were obtained in low yields as
oils. Only 11e could be isolated
as an orange foam and fully
characterized by NMR spectro-
scopy and mass spectrometry
(see Experimental Section).


Most probably, the difficulties met in the formation of these
complexes respond to an increased steric interaction between
the substituents on the oxazoline rings and the allyl ligand. In
this respect, it is worth noting that 6c does not form a �3


complex with the 1,3-diphenylallyl group, and this fact could
be attributed to a conformational change in the phenyl
substituents at C-4 in the oxazolines, due to the increased
interaction with the alkoxyalkyl substituent at C-5, leading to
an even stronger interaction with the allyl ligand.


The complexes were fully characterized by the usual
techniques. The IR spectra showed a strong signal in the
range 1660 ± 1665 cm�1 assigned to the C�N stretching of the
oxazoline moiety, in similar position to that observed in the
free ligands. Positive FAB mass spectra exhibited, in all cases,
the peak at highest m/z ratio for the ™[Pd(�3-allyl)(L)]∫
fragment.


The NMR spectroscopy has been the most useful technique
to determine the structure of these complexes in solution.[20]


The relevant 1H NMR data are summarized in Tables 2 and 3.
Unfortunately, it was not possible to obtain any crystal of
sufficient quality to perform X ray diffraction measurements.


HNNH


OO
OH


PhPh


HO


OCHPh2Ph2HCO N


OO


N


PhPh


a)


OCHPh2Ph2HCO


6c15c


Scheme 4. Synthesis of bis(oxazoline) 6c from bis(hydroxyamide) 15c. a) Bu2SnCl2, xylene, reflux, 48 h.
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Upon coordination of the C2 symmetrical ligands to the
metal, the loss of ligand symmetry is observed in 1H NMR
spectra, because some proton signals are duplicated relative
to the free ligands. Therefore, methyl protons H5 appear as
two singlets (8a, c, 9c, 10, 11a, c, e, 12a); protons H3, as two
doublets (8a, c, d, f, h, 9c, 11a, c, e, 12a); and diastereotopic
protons H4 are split in up to four set of signals for 8c and 11c
complexes. Obviously, this asymmetry is also shown in the
allyl moiety. Therefore, two set of signals for each syn and/or


anti protons are observed for each of the allyl complexes. Allyl
protons of type-11 complexes appear shifted downfield
compared with the corresponding non-substituted allyl com-
pounds, type-8, probably due to the presence of the phenyl
substituents.


Variable temperature NMR experiments indicate a dynam-
ic behaviour of the allyl complexes. For complex 8a, 1H NMR
spectra were recorded in the temperature range �35 ± 55 �C
(Figure 2). Concerning the bis(oxazoline) ligand, the protons


Table 2. Selected 1H NMR (CDCl3, 298 K, 500 MHz) data[a] (� in ppm) for complexes 8a ± g, 9c and 10.


N N


OO


'R R'
ORRO


Hsyn


Hcentral


Hanti


1
2


3


4


5


6


Com-
plex


2[b] 3 4 5 central syn anti other


8a 4.62 (m, 2H) 5.25 3.79 1.89 4.99 (tt, 3.42 2.61 R�CH3 :
(d, 7.0, 1 H) (br d, 4, 2 H) (s, 3 H) 12.0, 7.5, 1H) (br d, 6.5, 1H) (d, 13.0, 1 H) 3.50 (s, 3 H)
5.15 3.75 (dd, 1.85 2.83 (dd, 1.89 3.47 (s, 3 H)
(d, 7.5, 1 H) 4.5, 3.5, 2 H) (s, 3 H) 7.0, 2.0, 1H) (d, 12.0, 1 H)


8b[c] 4.61 5.19 3.90 (dd, 11.1, 1.81 4.97 3.41 2.57 R�CH2(Ph):
(m, 2H) (br s, 2H) 3.3, 2H) (s, 6 H) (tt, 12.6, 7, 1H) (br d, 7.8, 1H) (d, 12.3, 1 H) 4.65 (s, 4 H)


3.84 (dd, 11.1, 2.83 1.89
4.5, 2H) (dd, 7, 1.9, 1H) (d, 12.6, 1 H)


8c 4.64 5.24 3.92 1.82 5.02 3.41 2.61 R�CH(Ph)2:
(m, 2H) (d, 6.5, 1 H) (dd, 12, 4, 1 H) (s, 3 H) (tt, 12.6, 6.9, 1H) (br d, 7.2, 1H) (d, 12.5, 1 H) 5.54 (s, 1 H)


5.15 3.88 1.75 2.88 1.95 5.51 (s, 1 H)
(d, 6.5, 1 H) (dd, 12, 4, 1 H) (s, 3 H) (dd, 6.9, 3.5, 1H) (d, 12.5, 1 H)


3.81
(dd, 12, 4, 1 H)
3.76
(dd, 12, 4, 1 H)


8d[c] 4.49 5.06 3.69 1.94 5.06 ± 4.9 3.37 2.57 ±
(m, 2H) (d, 7.2, 1 H) (dd, 11.5, 3.3, 2 H) (s, 7 H)[d] (m, 1 H) (br d, 6, 1H) (d, 12.3, 1 H)


5.03 3.56 2.84 [d]


(m, 1H) (dd, 11.5, 4.8, 2 H) (br d, 6.6, 1H)
8e[c] 4.64 5.20 3.89 1.87 4.98 3.42 2.6 R�


(m, 2H) (br s, 2H) (m, 2H) (s, 6 H) (tt, 12.3, 6.9, 1H) (br d, 6.9, 1H) (d, 12.6, 1 H) (CH2)2OCH3


3.87 2.83 1.89 3.76 ± 3.57
(m, 2H) (dd, 7.2, 1.8, 1H) (d, 12.6, 1 H) (m, 8 H)


(CH2)2OCH3


3.37
(s, 6H)


8 f[c] 4.77 5.76 3.90 1.75 5.03 2.56 2.41 R�CHPh2:
(m, 1H) (d, 8.4, 1 H) (dd, 11, 2.5, 2 H) (s, 3 H) (tt, 12.5, 7, 1H) (dd, 7.0, 2, 1H) (d, 12.5, 1 H) 5.47 (s, 2 H)
4.75 5.59 3.73 1.72 3.35 1.88 mesityl
(m, 1H) (d, 9.3, 1 H) (dd, 11, 2.5, 2 H) (s, 3 H) (dd, 6.5, 2, 1H) (d, 12.5, 1 H) Me


2.05, 2.12, 2.22
(each: s, 6H)
CH
6.7 (s, 4 H)


8g 4.73 6.14 4.09 (dd, 10.5, 1.89 4.89 2.96 2.6 R�CHPh2:
(br d, 4.1, 2 H) (br s, 2H) 4.2, 2H) (s, 6 H) (tt, 12.5, 7, 1H) (br d, 7, 1H) (d, 12, 1 H) 5.67 (s, 2 H)


3.99 (dd, 10.5, 2.51 1.70
4.2, 2H) (br d, 7, 1H) (d, 12, 1 H)


9c[c] 5.40 ± 5.27 5.64 3.25 ± 3.20 1.84 (s, 3H) 4.88 4.11 2.57 R�CH(Ph)2


(m, 2H) (d, 10.5, 1 H) (m, 4H) 1.77 (s, 3H) (tt, 12.3, 7.3, 1H) (d, 4.8, 1H) (d, 12.3, 1 H) 4.97 (s, 1 H)
5.53 2.72 1.72 4.94 (s, 1 H)
(d, 10.5, 1 H) (dd, 6.9, 1.8, 1H) (d, 12.6, 1 H)


10[e] 5.00 (m, 3H)[f] 5.53 ± 1.88 (s, 3H) 5.00 (m, 3H)[f] 3.43 2.57 ±
4.30 (m, 2H) (dd, 10.4, 7.0, 1 H) 1.84 (s, 3H) (d, 6.6, 1H) (d, 12.4, 1 H)


5.42 2.85 1.93
(dd, 10.4, 7.7, 1 H) (d, 6.0, 1H) (d, 12.5, 1 H)


[a] Multiplicity (br, broad; d, doublet; m, multiplet; q, quartet; s, singlet; t, triplet), coupling constants (in Hz), and relative integration in parentheses. [b] see
formala for labeling scheme.[c] 300 MHz spectrum. [d] One anti proton overlapped with H5 protons. [e] 250 MHz spectrum. [f] Two H2 protons and Hcentral


proton are overlapped.
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of the two oxazoline rings (H2, H3, H4, H5) give rise to two
sets of signals below 0 �C, but above 45 �C, only one set of
broad signals is observed, indicating that the movement at
high temperature in solution is fast relative to the NMR time-
scale. However, the number of signals for the allyl protons is
independent of the temperature and no coalescence is


observed, neither between the
pairs of the syn or anti protons
nor among them.


In order to elucidate the
solution structure of these com-
plexes and their dynamic be-
haviour, some NOE NMR ex-
periments were carried out.
From NOE contacts, we could
associate the allyl protons with
the bis(oxazoline) protons
nearby to the allyl moiety, as
shown in Figure 3 for 8c, allow-
ing a complete correlation.


In addition to the NOE con-
tacts, exchange signals between
some protons (H3 and H3� or
Hanti and Hanti�) confirm the
presence of two movements, a


faster apparent allyl rotation around the palladium-allyl bond
and a slower �3-�1-�3 process.[21]


It is important to note that, type-11 complexes containing
the 1,3-diphenylallyl group, can give rise to several isomers,
depending on the stereochemical relationship between the
phenyl substituents of the allyl group and the central allyl


Table 3. Selected 1H NMR (298 K, 500 MHz, CDCl3) data[a] (� in ppm) for complexes 11a, c, e and 12.


Complex 2[b] 3 4 5 central syn anti other
[Ccentral] [Cterminal] [Cterminal]


syn/syn-11a[c] 4.37 4.26 3.57 1.98 5.73 (dd, 12.5, ± 5.33 R�CH3 :
(m, 2 H) (d, 3.5, 1H) (m, 2H) (s, 3 H) 10.5, 1H) (d, 12.5, 1 H) 3.48 (s, 3 H)


4.04 3.42 1.67 3.82 3.36 (s, 3 H)
(d, 2, 1 H) (m, 2H) (s, 3 H) (d, 10.5, 1 H)


syn/syn-11c 4.35 4.54 3.73 1.75 5.68 (dd, 12.5, ± 5.31 R�CH(Ph)2:
(m, 2 H) (d, 3.5, 1H) (dd, 10, 7.5, 1H) (s, 3 H) 10.5, 1H) (d, 12.5, 1 H) 5.64 (s, 1 H)


4.22 3.58 1.49 3.65 5.25 (s, 1 H)
(d, 4, 1 H) (dd, 10, 5, 1H) (s, 3 H) (d, 10.5, 1 H)


3.51
(dd, 11, 3.5, 1H)
3.31
(dd, 11, 3, 1H)


syn/syn-11e 4.35 ± 4.32 4.22 3.71 ± 3.42 1.87 5.66 ± 5.25 R�
(m, 2 H) (d, 4.0, 1H) (m)[d] (s, 3 H) (dd, 13, (d, 13, 1H) (CH2)2OCH3


3.98 1.58 10.5, 1H) [85.2] 3.36
(d, 4, 1 H) (s, 3 H) [107.4] 3.70 (s, 3H)


(dd, 10.5, 1, 1H) 3.29
[72.2] (s, 3H)


syn/anti-11e 4.61 5.16 3.82 1.81 5.03 4.58 3.8 R�
(ddd, 6.5, 3, (d, 6.5, 1H) (m, 2H) (s, 3 H) (dd, 12, 8, 1H) (d, 8, 1 H) (d, 12, 1H) (CH2)2OCH3


[d]


3, 1 H) 3.88 [d] 1.67 [105.0] [80.7] [76.0] 3.29
4.35 (d, 5.5, 1H) (s, 3 H) (s, 3H)
(m, 1 H) 3.26


(s, 3H)
12a 4.57 5.19 3.79 1.87 5.09 4.67 ± R�CH3 :


(m, 2 H) (d, 7.0, 1H) (t, 4.0, 2 H) (s, 3 H) (t, 6.5, 1H) (m, 1H) 3.48 (s, 3 H)
5.13 3.70 1.84 3.56 3.43 (s, 3 H)
(d, 7.0, 1H) (m, 2H) (s, 3 H) (m, 1H) cyclohexenyl


CH2 groups:
0.07; 0.53; 0.89;
1.18; 1.31; 1.44
(each: m, 1H)


[a] Multiplicity (d, doublet; m, multiplet; q, quartet; s, singlet; t, triplet), coupling constants (in Hz), and relative integration in parentheses. In brackets, 13C
chemical shifts. [b] See Table 2 for labeling. [c] 300 MHz spectrum. [d] Diastereotopic 4 and (CH2)2 protons of the R substituent of the syn/syn and syn/anti
isomer appear overlapped in the 3.72 ± 3.42 ppm range.


Figure 2. Variable temperature 1H NMR spectra of 8a.
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Figure 3. Relevant NOE contacts from NOESY experiment of 8c (proton
chemical shifts in ppm).


hydrogen: syn/syn ; syn/anti and anti/anti. For P-donor ligands
in addition to the major syn/syn isomers, syn/anti isomers are
generally observed. But for bis(oxazolines) derived malonic
acids, only syn/syn isomers for (�3-1,3-diphenylallyl)-palla-
dium(��) complexes have been described in the literature,[12b, f]


although we have recently observed syn/anti isomers for
analogous complexes containing chiral biphenyl-bis(oxazoli-
nes).[12i]


Here, syn/syn and syn/anti isomers (ca. ratio 85/15, respec-
tively) are also detected in solution by NMR spectroscopy for
type-11 complexes (11a, c and e), but only for 11e the signals
of both isomers could be unambigously assigned (Table 3).


The combined use of two-dimensional COSY, HSQC and
NOESY experiments allows the assignment of all relevant
proton signals for 11e (Figure 4). The values of the coupling
constants between central and terminal allyl protons (13.0 and
10.5 Hz) and the presence of NOE interactions between both
terminal protons of the allyl group in the major isomer, allow
us to assign syn/syn isomer to the major species. The minor
isomer shows other values for the coupling constants (12.0 and
8.0 Hz) and no NOE contacts between terminal protons, thus
suggesting a syn/anti conformation. The central allyl proton
shows an NOE interaction with ortho hydrogens of both
phenyl groups of the allyl ligand in the syn/syn isomer, while
in the syn/anti isomer this interaction appears only with one
phenyl substituent. Moreover, both isomers show interesting
NOE contacts between allyl and oxazoline hydrogens in the
3-position. NOE contacts are observed between both methyl
groups in the 5-position and ortho hydrogens of the oxazoline
phenyl groups. Such interaction can be explained by assuming
a boat-like conformation for the chelate ring with the methyl
in a pseudoaxial position near the phenyl substituent and
interconversion with a second conformation in which the
boat-like chelate ring is inverted as reported by Pfaltz.[12b]


Interesting exchange signals between major syn/syn and
minor syn/anti isomers are observed in NOESY spectra.
Exchange between Hanti (3.70 ppm) of the major isomer and
Hsyn (4.58 ppm) of the minor one suggests �3-�1-�3 movement.
The fact that no other Hanti ± Hsyn exchange is observed points
to that the exchange mechanism takes place by opening
selectively one of the terminal Pd�C bond, leading to the
formation of the less hindered syn/anti isomer. HSQC
spectrum shows correlation between Hanti (3.70 ppm) and
terminal C (72.2 ppm), and Hanti (5.25 ppm) and terminal
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Figure 4. Relevant NOE contacts from NOESY experiment of 11e
isomers (proton chemical shifts in ppm).


(85.5 ppm) of the major isomer. Therefore, the opened Pd�C
bond belongs to the more electrophilic carbon atom contain-
ing the substituent that suffers the biggest steric hindrance
with the oxazoline fragment (see below, Scheme 7). In
addition, exchange signals between some protons (H3 and
H3�, H2 and H2�, H4 and H4�) reveal that the well-known
apparent allyl rotation around the palladium�allyl bond is
also present.[21]


For 11c an exhaustive NMR study has only been possible
for the major isomer (Table 3). According to the value of the
coupling constants for Hcentral ± Hanti, a syn/syn configuration is
suggested. NOESY experiments show correlative NOE inter-
actions between protons of the oxazoline ligand H3
(4.54 ppm) ± H4 (3.73 ppm; 3.58 ppm) ± H6 (5.64 ppm), and
H3� (4.22 ppm) ± H4� (3.31 ppm; 3.51 ppm) ± H6� (5.25 ppm)
as well as contacts between the allyl and the oxazoline ligands,
Hanti (5.31 ppm) ± H3 (4.54 ppm) and Hanti� (3.65 ppm) ± H3�
(4.22 ppm). Similar exchange signals between oxazoline
protons as those observed for 11e complex (H3 and H3�, H4
and H4�, H6 and H6�) suggest the presence of the allyl rotation
mechanism.


1H NMR spectra of the complex with cyclic allyl group, 12a,
show the same pattern as the open chain ones described
above. It is noteworthy that all non allyl hydrogens of the
cyclic fragment display different chemical shifts (0.07 and
0.89 ppm, 0.53 and 1.18 ppm, 1.31 and 1.44 ppm; Table 3).
NOESY experiments show interactions between geminal
protons, allowing to assign each pair of hydrogen atoms to
one carbon. Moreover for 12a, NOE interactions between
Hsyn (4.67 ppm) ± Hcyclohexenyl (0.07 ppm and 0.89 ppm) ± H3
(5.13 ppm) as well as in the other moiety of the complex,
Hsyn (3.56 ppm) ± Hcyclohexenyl (1.31 ppm and 1.44 ppm) ± H3
(3.19 ppm) allows to describe the relative position of the allyl
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group and the phenyl substituent in the 3-position of the
oxazoline ligand.


Allylic alkylations catalyzed by Pd/bis(oxazoline) complexes :
When the catalytic results obtained with several bis(oxazo-
lines) derived from dimethylmalonic acid in the alkylation of
rac-3-acetoxy-1,3-diphenyl-1-propene with dimethyl malo-
nate are compared (Table 4), it is readily observed that
among ligands unsubstituted at C-5 (R2 �H, entries 1 ± 5), the
best asymmetric induction is achieved with the phenyl and the
isopropyl substituted ligands (entries 1 and 2, respectively),
while more conformationally flexible substituents (entries 3 ±
5) lead to lower enantiomeric excesses. These results warrant
the specification of the chain substituent in our acyclic amino
alcohol precursors 3 as aryl groups, while suggesting that the
enantioselectivity of the reaction is (at least partially)
controlled by steric interactions between the R1 group in the
bis(oxazoline) and the phenyl substituents on the allyl ligands
in the palladium intermediate species. These interactions
would induce a desymmetrization of the allyl termini with
respect to palladium and ultimately determine the more
electrophilic terminal allylic carbon towards which the
external nucleophilic attack is directed.


Concerning the effect of substituents at the sterogenic C-5,
only one system is reported in the literature (entry 6, Table 4).
When the results in entries 3, 4 and 5 are compared with those
in entry 6, a benefitial contribution on enantioselectivity of
the substituent at C-5 is observed, despite of the rather long
distance between this part of the molecule and the region
where the reaction events take place. The high enantioselec-
tivity observed with the bis(oxazoline) developed by Pfaltz
suggested that the alkoxyalkyl substituent (CH2OR1) in the
bis(oxazolines) 5a ± g (i.e., the R2 substituent in Table 4),
could also exert an important influence on the reactivity and
enantioselectivity of the derived �3-allylpalladium complexes,
so that its study is a matter of interest.


To test the effect of structural variation (CH2OR1 group) in
the modular amino alcohol precursors 3 on the catalytic
activity and enantioselectivity induced by the derived bis(ox-
azoline) ligands 5 ± 6, palladium complexes (8a ± g, 9c and 10)
containing an unsubstituted allyl moiety were used as catalytic
precursors in model asymmetric allylic alkylation reactions.


Thus, rac-3-acetoxy-1,3-diphenyl-1-propene was alkylated in
dichloromethane at room temperature in the presence of 8a ±
g, 9c or 10 (Scheme 6), the nucleophile being generated from
dimethyl malonate, BSA, and a catalytic amount of potassium
acetate.[22] The results of the enantioselective allylic alkylation
are collected in Table 5.


Ph Ph


OAc


Ph Ph


CH(COOMe)2


+   CH2(COOMe)2* *


a)


Scheme 6. Asymmetric allylic alkylation catalyzed by 8a ± g, 9c and 10.
a) 8a ± g, 9c, 10, BSA, KOAc, CH2Cl2, RT.


When 2 mol % of catalyst was used, the conversion of the
allylic acetate to the desired product was complete after 48 ±
240 h at room temperature. The amount of catalyst could be
lowered to 1 mol %, but the required reaction times corre-
spondingly increased. To compare the activities of the differ-
ent bis(oxazolines), data on conversion and enantioselectivity
recorded with the studied ligands after 48 h are provided. As it
can be readily seen, catalytic activity notably increases
(conversion varies from 16 to 94 %) with the size of the C-5
substituent on the oxazoline fragment in cases where the C-4
substituent is phenyl: CH2Ph �CH3 � CHPh2 � CPh3


(entries 1 ± 4). All these catalytic systems induced high
enantioselectivities (94 ± 96 %) and, while the highest values
are recorded with ligands containing the bulkier alkoxy
groups, the differences are probably not significative. In line
with these results, when the ligand derived from phenyl-
glycinol, bearing no substituent at C-5 is studied (precursor
10, entry 9), the recorded enantioselectivity is similar to that
recorded with 8a ± d and the catalytic activity lies among
those of 8a and 8b.[23] This tends to indicate the existence of a
threshold value in the bulk of the C-5 substituent for its
translation into increased activity.


For the study of the influence of the aryl substituent in the
amino alcohol skeleton (C-4 substituent in the oxazoline
ring), the alkoxymethyl substituent at C-5 was specified as
benzhydryloxymethyl since, in this way, our starting point (8c)
depicts an intermediate value of activity, likely to be sensitive


Table 4. Asymmetric allylic alkylation of rac-3-acetoxy-1,3-diphenyl-1-
propene with dimethyl malonate catalyzed by Pd/bis(oxazoline) systems.


N N


OO


R1 R1


R2 R2


Entry Ligand[a] ee (%) Ref.


1 R2 �H, R1 �Ph 95[b] this work
2 R2 �H, R1 � iPr 94[c] [12b]


3 R2 �H, R1 �CH2Ph 88[c] [12b]


4 R2 �H, R1 �CH(Ph)(OCOPh) 90[c] [12g]


5 R2 �H, R1 �CH(Ph)(OH) 92[c] [12f]


6 R2 �Ph, R1 �CH2OSi(tBu)Me2 97[c] [12b]


[a] See formula. [b] Determined by HPLC on a chiral column. [c] Deter-
mined by 1H NMR spectroscopy with shift reagent [Eu(hfc)3].


Table 5. Results of asymmetric allylic alkylation of rac-3-acetoxy-1,3-
diphenyl-1-propene with dimethyl malonate catalyzed by type-8, 9c and 10
complexes.[a]


Entry Precursor Conv.[b] ee [%][c]


1 8a 26 94 (R)
2 8b 16 95 (R)
3 8c 60 96 (R)
4 8d 94 96 (R)
5[d] 8e 81 93 (R)
6 8f 8 50 (R)
7 8g 100 96 (R)
8 9c 0 ±
9 10 23 95 (R)


[a] Catalytic conditions: 0.02 mmol of complex 8, 9c, or 10, 1 mmol rac-1,3-
diphenyl-2-propenyl acetate, 3 mmol dimethyl malonate, 3 mmol BSA and
a catalytic amount of KOAc in 4 mL CH2Cl2 at rt for 48 h. [b] Conversion
percentage based on the substrate. [c] ee values determined by HPLC on a
Chiralcel-OD column. Absolute configuration, in parentheses, determined
by optical rotation: U. Leutenegger, G. Umbricht, C. Fahrni, P. V. Matt, A.
Pfaltz, Tetrahedron 1992, 48, 2143 ± 2156. [d] 160 h.
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to structural variation. When the results for 8c are compared
with those recorded for 8 f (Ar�mesityl) and 8g (Ar� 1-
naphthyl), the 1-naphthyl substituted ligand gave complete
conversion in 48 hours, and 96 % ee (entry 7), while the
mesityl substituted ligand was the less active and the poorest
in inducing enantioselectivity (entry 6). Presumably in this
case, other palladium species are formed, because of the
palladium assisted C�H activation of the ortho-methyl groups
of the mesityl moiety.[24] Thus, the aryl groups which are
slightly more sterically demanding than phenyl are beneficial
in the considered catalytic system; however, the sterically
crowded aryls probably prevent the achievement of the
transition state geometry in the enantioselective reaction
path.


Somewhat surprisingly, 9c turned out to be inactive. In this
case, where the substituents on the two stereogenic centres
are in cis arrangement, decomposition towards palladium
metal was immediately observed. In order to understand the
different behaviour of trans-5c and cis-6c ligands, and since
[Pd(�3-1,3-diphenylallyl)(6c)]PF6 could not be isolated ex-
perimentally, the diphenylallyl intermediate complexes de-
rived from these bis(oxazolines) were studied by means of
theoretical calculations, at the PM3 (tm) level.[25] The
calculated formation enthalpy of both complexes
(80.97 kcal mol�1 for the trans complex and 85.47 kcal mol�1


for the cis complex) shows that the cis is significantly less
stable than the trans arrangement, because of the steric
interactions between the oxazoline substituents. In practice,
these interactions are probably responsible for the observed
decomposition in solution when using 9c.


An additional aspect of these alkylation reactions deserve
comment. It is well known that the enantioselectivity in the
Pd-catalyzed allylic alkylation with soft reagents is controlled
by the nucleophilic attack to the more electrophilic terminal
carbon of the allyl ligand in the PdII intermediates such as 11.
As described above, 11a, c and e are, in solution, mixtures of
two isomers (syn/syn and syn/anti) and this isomerism is
observed at the more electrophilic carbon (the one exhibiting
the highest 13C chemical shifts). For 11e in particular, if both
species reacted at the same rate, the enantiomeric excess of
the reaction product would be lower (the de of the active
species is 70 %) than the observed one (ee 93 %), because the
nucleophilic attack on the more electrophilic carbon atoms
leads to opposite enantiomers: R configuration for syn/syn-
11e and S for syn/anti-11e (Scheme 7). The high enantiose-
lectivity observed with our ligands provides an indication that
syn/anti to syn/syn interconversion should be faster than
nucleophilic attack to the syn/anti stereoisomer.


Conclusion


In summary, a new family of bis(oxazolines) (5a ± g, 6c)
derived from modular, enantiopure amino alcohol has been
prepared.


Pd-allyl complexes with 5a ± g and 6c ligands have been
fully studied by means of NMR spectroscopy. For the first
time, syn/anti allyl isomers for type-11 compounds, containing
the disubstituted 1,3-diphenylallyl group and bis(oxazolines)
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Scheme 7. Selectivity of the dimethyl malonate attack on the terminal
allylic carbon atoms of type-11 species.


derived from dimethylmalonyl dichloride, have been detected
in solution. Two-dimensional NMR experiments have shown
that the �-�-� isomerization process takes place by opening
selectively the Pd�C bond containing the carbon atom which
suffers the biggest steric hindrance with the oxazoline frag-
ment.


According to the results reported here, both the alkox-
ymethyl moiety in the starting amino alcohols (the oxazoline
C-5 substituent) and the aryl substituent in the amino alcohol
skeleton (the oxazoline C-4 substituent) are important in
determining the catalytic activity of the palladium complexes
of trans-disubstituted oxazolines. Thus, the recorded order of
reactivity indicates that when the steric bulk of the alkoxy
methyl group increases, the aryl substituent on the same
oxazoline ring experiences a conformational change in order
to minimize the increased steric hindrance. The conforma-
tional change in the C-4 substituent, in turn, probably
provokes an increased interaction with the allyl moiety. In
response to that, the allyl group desymmetrizes with respect to
palladium, leading to a more electrophilic carbon atom more
efficiently attacked by the malonate anion.


This interpretation also explains the behaviour of the cis-
substituted bis(oxazoline) 6c. In response to the increased
steric interaction, the type-11 complex containing 6c cannot
be isolated nor generated under catalytic conditions.


In spite of the existence of syn/syn and syn/anti isomerism in
the intermediate 1,3-diphenylallyl palladium complexes, very
high enantioselectivities have been reported and this fact
provides an indication that: a) the syn/syn isomer reacts much
faster than the syn/anti one, and b) the isomerization of the
syn/anti isomer is fast relative to its alkylation.
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Experimental Section


CAUTION : Tin compounds are highly toxic. Azide salts are toxic and may
explode if heated.


General methods : All compounds were prepared under a purified nitrogen
atmosphere using standard Schlenk and vacuum-line techniques. The
solvents were purified by standard procedures[26] and distilled under
nitrogen. [Pd(�3-C3H5)(�-Cl)]2,[27] [Pd(�3-1,3-Ph2-C3H3)(�-Cl)]2,[12b] and
[Pd(�3-cyclohexenyl)(�-Cl)]2


[28] were prepared as previously described.
Ligand 7 (R�Ph), 2,2-bis[2-(4S-phenyl-3,4-dihydrooxazol-2-yl)]propane
was prepared as described by Corey et al.[17a] Hydrogen peroxide additions
were carried out by a authomatic Metrohm 665 Dossimat syringe. NMR
spectra were recorded on Varian XL-500 (1H, standard SiMe4), Bruker
DRX 500 (1H, standard SiMe4), Varian Gemini (13C, 50 MHz, standard
SiMe4) and Bruker DRX 250 spectrometers in CDCl3 unless otherwise
cited. IR spectra were recorded on a Nicolet 520 FT-IR, Nicolet 510 FT-IR
and FTIR Nicolet Impact 400 spectrometers. FAB mass spectra were
obtained on a Fisons V6-Quattro instrument. The GC analysis were
performed on a Hewlett ± Packard5890 Series II gas chromatograph (50 m
Ultra 2 capillary column 5 % phenylmethylsilicone and 95% dimethylsi-
licone) with a FID detector. The GC/MS analysis were performed on a
Hewlett ± Packard 5890 Series II gas chromatograph (50 m Ultra 2 capillary
column) interfaced to a Hewlett ± Packard5971 mass selective detector.
Optical rotations were measured on a Perkin ± Elmer 241MC spectropo-
larimeter. Enantiomeric excess were determined by HPLC on a Hewlettt ±
Packard1050 Series chromatograph (Chiralcel-OD chiral column) with a
UV detector, and by GC on a Hewlett ± Packard5890 Series II gas
chromatograph (25 m FS-cyclodex-�-I/P column: heptakis(2,3,6-tri-O-
methyl)-�-cyclodextrin/polysiloxan) with a FID detector. Elemental anal-
yses were carried out by the Serveis CientÌfico-Te¡cnics de la Universitat de
Barcelona in an Eager 1108 microanalyzer.


3-Acetoxy-1-cyclohexene: This product was prepared following the meth-
od described in the literature with minor modifications.[29] To a stirred
mixture of cyclohexene (15.0 g, 183 mmol), palladium acetate (42 mg,
0.18 mmol), and benzoquinone (0.59 g, 5.5 mmol) dissolved in 150 mL of
acetic acid, hydrogen peroxide (33 %, 22.5 mL) was added within 6 h at
50 �C by a automatic syringe (0.25 mL each 4 minutes). Then, the mixture
was kept at the same temperature for 6 h. At room temperature, the
mixture was filtered over celite and extracted three times with pentane/
diethyl ether 1:1 (50 mL). The organic phases were washed with 2� NaOH
solution (3� 50 mL), dried over anhydrous Na2SO4, filtered off, and the
solvent removed at room temperature, under reduced pressure. The
colourless oil was purified by flash chromatography (silica gel, hexane/
diethyl ether 1:1) to yield the title compound (11.5 g, 45%).


(2S,3S)-3-(1-Naphthyl)-2-diphenylmethoxymethyloxirane (13g): A solu-
tion of (2S,3S)-2,3-epoxy-3-(1-naphthyl)propanol 1g (1.87 g, 9.3 mmol) in
DMF (11.2 mL) was added through a cannula to a suspension of sodium
hydride (0.477 g, ca. 10.9 mmol) in DMF (11.2 mL) at 0 �C under N2. The
mixture was stirred for 20 min, and diphenylmethylbromide (2.93 g,
11.9 mmol) was added into the mixture with a syringe. The mixture was
stirred for 17 h at 0 �C. MeOH (116 mL) and brine (116 mL) were added.
The aqueous solution was extracted with Et2O. The combined organic
extracts were dried and concentrated under vacuum. The residual oil was
chromatographed using hexane/EtOAc (100:0/98:2) as eluent to give 13g
(2.96 g, 87%)as an oil. [�]23


D ��38.3 (c� 1.4 g mL�1 in CHCl3); 1H NMR
(200 MHz): �� 8.12 ± 8.08 (m, 1 H), 7.90 ± 7.85 (m, 1H), 7.79 (dd, J� 7,
2.2 Hz, 1 H), 7.54 ± 7.24 (m, 14 H), 5.56 (s, 1 H), 4.44 (d, J� 2.2 Hz, 1H), 3.91
(dd, J� 11, 3.7 Hz, 1H), 3.82 (dd, J� 11, 5 Hz, 1H), 3.29 ± 3.24 (m, 1H);
13C NMR (50 MHz): �� 142.5 (C), 133.5 (C), 131.9 (C), 129.2 (CH), 129.0
(CH), 128.6 (CH), 128.1 (CH), 127.6 (CH), 127.5 (CH), 126.8 (CH), 126.4
(CH), 123.4 (CH), 122.8 (CH), 84.5 (CH), 69.3 (CH2), 60.7 (CH), 55.0
(CH); IR (film): �� � 3062, 3029, 2861, 2825, 1511, 1493, 1453, 1098, 1030,
801, 780, 743, 702 cm�1; MS (CI, NH3): m/z (%): 384 (100) [M�NH4]� , 367
(25) [M�H]� ; HRMS (EI): calcd for C26H22O2: 366.1620; found: 366.1635
[M]� .


(2S,3S)-3-(2,4,6-Trimethylphenyl)-2-diphenylmethoxymethyloxirane
(13 f): Compound 1 f (2.5 g, 13 mmol) in DMF (15.7 mL), sodium hydride
(0.665 g, ca. 15.2 mmol) in DMF (15.7 mL), and diphenylmethylbromide
(4.08 g, 16.5 mmol) were treated as described for 13g with stirring 17 h at
0 �C to give 13 f (3.28 g, 70%) as an oil after chromatography using hexane/


EtOAc (99:1/98:2). [�]23
D ��2.2 (c� 0.75 g mL�1 in CHCl3); 1H NMR


(200 MHz): �� 7.40 ± 7.24 (m, 10 H), 6.81 (s, 2H), 5.50 (s, 1 H), 3.87 ± 3.80
(m, 2 H), 3.69 (dd, J� 10.9, 5.1 Hz, 1H), 3.25 ± 3.19 (m, 1 H), 2.35 (s, 6H),
2.25 (s, 3H); 13C NMR (50 MHz): �� 142.5 (C), 133.5 (C), 131.9 (C), 129.2
(CH), 129.0 (CH), 128.6 (CH), 128.1 (CH), 127.6 (CH), 127.5 (CH), 126.8
(CH), 126.4 (CH), 123.4 (CH), 122.8 (CH), 84.5 (CH), 69.3 (CH2), 60.7
(CH), 55.0 (CH); IR (film): �� � 3029, 2923, 1493, 1451, 1096, 741, 702 cm�1;
MS (CI, NH3): m/z (%): 376 (18) [M�NH4]� , 359 (22) [M�H]� , 358 (80)
[M]� , 167 (100) [Ph2CH]� ; HRMS (EI): calcd for C25H25O2: 357.1855;
found: 357.1863 [M�H]� .


(1R,2R)-1-Amino-1-(1-naphthyl)-3-diphenylmethoxy-2-propanol (3g): A
solution of 13g (2.94 g, 8.0 mmol), LiClO4 (21.0 g, 0.198 mol), and NaN3


(2.6 g, 40 mmol) in acetonitrile (40 mL) was stirred at 55 �C for 24 h under
N2. H2O (480 mL) was added, and the aqueous layer was extracted with
Et2O. The combined organic extracts were dried and concentrated under
vacuum to give 14g (3.24 g) as an oil that was used in the next step without
further purification. A solution of 14g (3.24 g, 7.91 mmol) and sodium
borohydride (954 mg, 23.5 mmol) in THF (18.7 mL) was heated at 55 ±
60 �C under N2. MeOH (3.9 mL) was added during 1 h. After the mixture
was heated at this temperature for 22 h, H2O (345 mL) was added, and the
aqueous layer was extracted with CH2Cl2. The combined organic extracts
were dried and concentrated under vacuum. The residual oil was
chromatographed through a short silica gel column using hexane/EtOAc
(60:40) as eluent to give 3g (2.12 g, 70 %) and the starting product 14g
(0.3 g, 9 %). Product 3g was obtained enantiomerically pure (�99%,
HPLC OD: 1 mL min�1, hexane/isopropanol 80:20; tR (1R,2R)� 11.5 min;
tR � (1S,2S)� 20.8 min) after enantiomeric enrichment by selective crys-
tallization of the racemate from pentane/dichloromethane 1:1. [�]23


D �
�77.4 (c� 1.05 gmL�1 in CHCl3); 1H NMR (200 MHz): �� 8.11 (dd, J�
6.2, 3.4 Hz, 1H), 7.85 (dd, J� 6.2, 3.4 Hz, 1H), 7.75 (d, J� 8 Hz, 1H), 7.63
(d, J� 6.8 Hz, 1 H), 7.49 ± 7.19 (m, 13 H), 5.22 (s, 1 H), 5.08 (d, J� 5.2 Hz,
1H), 4.23 (ddd, J� 5.2, 5.2, 5.2 Hz, 1H), 3.52 3.37 (m, 2H), 2.29 (br s, 3H);
13C NMR (50 MHz): �� 141.8 (C), 138.0 (C), 133.7 (C), 131.1 (C), 128.9
(CH), 128.4 (CH), 128.3 (CH), 127.7 (CH), 127.6 (CH), 127.4 (CH), 127.0
(CH), 126.6 (CH), 126.1 (CH), 125.5 (CH), 125.4 (CH), 123.6 (CH), 122.9
(CH), 84.4 (CH), 72.8 (CH), 70.2 (CH2), 53.7 (CH); IR (film): �� 3371,
3062, 3029, 2921, 2867, 1598, 1493, 1453, 1077, 1028, 781, 741, 702 cm�1; MS
(CI, NH3): m/z (%): 401 (1) [M�NH4]� , 384 (100) [M�H]� ; HRMS (EI):
calcd for C26H25NO2: 383.1885, found: 383.1892 [M]� .


(1R,2R)-1-Amino-1-(2,4,6-trimethylphenyl)-3-diphenylmethoxy-2-propa-
nol (3 f): Compound 1 f (3.0 g, 8.4 mmol), LiClO4 (22.0 g, 0.207 mol), and
NaN3 (2.7 g, 41.8 mmol) in acetonitrile (42 mL) were treated as described
for 3g during 24 h. The workup was identical to the one described for 3g to
give 14 f (3.36 g) as an oil that was used in the next step without further
purification.


A solution of 14 f (3.36 g, 8.4 mmol), and sodium borohydride (1.01 g,
25.2 mmol) in THF (19.2 mL) was heated at 55 ± 60 �C under N2. MeOH
(4.2 mL) was added during 1 h, and the mixture was heated at this
temperature for 22 h. A workup identical to the one described for 3g
followed by chromatography through a short silica gel column using
hexane/EtOAc (60:40) as eluent yielded the starting product 14 f (1.65 g,
49%) and 3 f (1.2 g, 42%). [�]23


D ��2.53 (c� 0.95 g mL�1 in CHCl3);
1H NMR (200 MHz): �� 7.39 ± 7.25 (m, 10 H), 6.83 (s, 2 H), 5.47 (s, 1H),
4.52 (d, J� 6.4 Hz, 1H), 4.20 (ddd, J� 8.8, 5.4, 3 Hz, 1 H), 3.83 (dd, J� 10.2,
3 Hz, 1 H), 3.72 (dd, J� 9.9, 5.4 Hz, 1H), 2.41 (s, 6 H), 2.24 (s, 3 H), 1.64 (br s,
3H); 13C NMR (75 MHz): �� 142.1 (C), 142.0 (C), 136.9 (C), 136.5 (C),
135.4 (C), 130.4 (C), 128.5 (CH), 128.4 (CH), 127.6 (CH), 127.5 (CH), 127.0
(CH), 126.8 (CH), 84.3 (CH), 73.3 (CH), 71.4 (CH2), 53.5 (CH), 21.2 (CH3),
20.7 (CH3); IR (KBr): �� 3303, 3029, 2925, 1493, 1455, 1117, 1069, 1030,
743, 706 cm�1; MS (CI, NH3): m/z (%): 376 (100) [M�H]� ; elemental
analysis calcd (%) for C25H29NO2: C 79.96, H 7.78, N 3.73; found: C 79.85, H
7.81, N 3.81.


General procedure for the synthesis of compounds 8a ± g


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(4-phenyl-5-methox-
ymethyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluorophosphate
(8a): Preparation of bis(hydroxyamide) 15a : A solution of dimethylma-
lonyl dichloride (0.47 g, 2.76 mmol) in CH2Cl2 (2.76 mL) was added
through a cannula to a cold (0 �C) solution of (1R,2R)-1-amino-3-
methoxy-1-phenyl-2-propanol (3a ; 1.00 g, 5.52 mmol) and Et3N (0.77 mL,
5.52 mmol) in CH2Cl2 (4 mL). The reaction mixture was allowed to warm to







FULL PAPER M. A. Perica¡s, G. Muller et al.


¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0818-4174 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 184174


room temperature and stirred for 20 h. The reaction mixture was diluted
with CH2Cl2 (18.4 mL) and washed with 2� HCl (3� 11.5 mL) and
saturated aqueous NaHCO3 (3� 11.5 mL). The organic extracts were dried
(Na2SO4) and concentrated under vacuum to afford the crude dihydroxy
diamide 15a (1.2 g, 95%) as a yellow foam which was used in the next
reaction without further purification. 1H NMR (200 MHz): �� 7.92 (d, J�
8.2 Hz, 2H), 7.33 ± 7.19 (m, 10H), 5.25 (dd, J� 8.2, 4.6 Hz, 2H), 4.01 (ddd,
J� 4.2, 4.2, 4.2 Hz, 2H), 3.33 (s, 6H), 3.38 ± 3.17 (m, 4 H), 1.51 (s, 6H);
13C NMR (50 MHz): �� 173.6 (C�O), 138.4 (C), 128.6 (CH), 127.4 (CH),
126.7 (CH), 73.3 (CH2), 72.0 (CH), 59.3 (CH3), 57.1 (CH), 50.0 (C), 23.6
(CH3); IR (film): �� � 3386, 3033, 2929, 1663, 1517, 1455, 1106, 735, 700 cm�1;
MS (CI, NH3): m/z (%): 476 (63) [M�NH4]� , 459 (100) [M�H]� .


Formation of bis(oxazoline) 5a : Methanesulfonyl chloride (0.30 mL,
3.88 mmol, 2.2 equiv) was added dropwise to a cold (0 �C) solution of
dihydroxy diamide 15a (0.80 g, 1.74 mmol) and Et3N (1.07 mL, 7.65 mmol)
in CH2Cl2 (14.4 mL) was added. The reaction mixture was allowed to warm
to room temperature and stirring was continued for 2 h. The reaction
mixture was then poured into saturated aqueous NH4Cl solution (16 mL).
The organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (3� 10 mL). The combined organic extracts were washed with
brine (1� 10 mL), dried (Na2SO4) and concentrated under reduced
pressure to afford the crude bis(mesylate) 16a quantitatively as a yellow
oil which was used in the next reaction without further purification. The
bis(mesylate) 16a (1.05 g, 1.71 mmol) was treated with KOH (30 mL of a
5% methanolic solution in weight, 21.2 mmol, 12.4 equiv) for 15 h at room
temperature. The reaction mixture was then poured into water (17 mL).
The organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (3� 17 mL). The combined organic layers were dried (Na2SO4) and
concentrated under reduced pressure to afford the crude bis(oxazoline) 5a
(0.66 g, 92 %) as a yellow oil which was used in the next reaction without
further purification. [�]23


D ��132.0 (c� 0.9 gmL�1 in CHCl3); 1H NMR
(200 MHz): �� 7.33 ± 7.24 (m, 10H), 4.92 (d, J� 6.6 Hz, 2 H), 4.52 (ddd, J�
5.6, 5.6, 5.6 Hz, 2H), 3.67 ± 3.60 (m, 2 H), 3.59 ± 3.52 (m, 2H), 3.42 (s, 6H),
1.69 (s, 6 H); 13C NMR (50 MHz): �� 169.7 (C�N), 142.0 (C), 128.6 (CH),
127.5 (CH), 126.6 (CH), 86.2 (CH), 73.6 (CH2), 71.8 (CH), 59.4 (CH3), 39.0
(C), 24.3 (CH3); IR (film): �� � 3064, 3031, 2985, 2935, 2881, 1659, 1455,
1133, 1113, 700 cm�1; MS (CI, NH3): m/z (%): 423 (100) [M�H]� .


Preparation of 8a : A solution of [Pd(�3-C3H5)(�-Cl)]2 (183 mg, 0.50 mmol)
and crude bis(oxazoline) 5a (0.40 g, 0.95 mmol) in EtOH (3 mL) was
stirred at room temperature for 1 h and then NH4PF6 (158 mg, 0.97 mmol)
was added. The reaction mixture was stirred for 14 h and kept in the
refrigerator, resulting in the precipitation of the complex 8a as a white solid
(0.44 g, 65%) which was filtered and washed with cold EtOH. [�]23


D ��36.6
(c� 1.0 gmL�1 in CHCl3); 1H NMR (500 MHz): �� 7.44 ± 7.15 (m, 10H),
5.25 (d, J� 7 Hz, 1 H), 5.15 (d, J� 7.5 Hz, 1H), 4.99 (tt, J� 12, 7.5 Hz, 1H),
4.66 ± 4.59 (m, 2H), 3.79 (br d, J� 4 Hz, 2 H), 3.75 (dd, J� 4.5, 3.5 Hz, 2H),
3.50 (s, 3H), 3.47 (s, 3 H), 3.42 (br d, J� 6.5 Hz, 1 H), 2.83 (dd, J� 7, 2 Hz,
1H), 2.61 (d, J� 13 Hz, 1 H), 1.89 (s, 3H), 1.89 (d, J� 12 Hz, 1H), 1.85 (s,
3H); 13C NMR (75 MHz): �� 172.8 (C�N), 139.5 (C), 139.4 (C), 129.5
(CH), 128.9 (CH), 126.6 (CH), 126.3 (CH), 116.1 (CH), 87.8 (CH), 87.6
(CH), 74.5 (CH), 74.4 (CH), 72.0 (CH2), 71.9 (CH2), 61.7 (CH2), 61.1 (CH2),
59.6 (CH3), 40.9 (C), 26.3 (CH3), 24.8 (CH3); IR (KBr): �� 3033, 2838,
1663, 1455, 1127, 1096, 1032, 878, 837, 760, 704 cm�1; MS (FAB): m/z (%):
570 (100) [M�PF6]� ; elemental analysis calcd (%)for C28H35F6N2O4PPd: C
47.04, H 4.93, N 3.92; found: C 46.81, H 4.98, N 4.08.


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(5-benzyloxymethyl-
4-phenyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluorophosphate
(8b)


Preparation of bis(hydroxyamide) 15b : (1R,2R)-1-Amino-1-phenyl-3-phe-
nylmethoxy-2-propanol (3b ; 1.00 g, 3.89 mmol) and Et3N (0.54 mL,
3.89 mmol) in CH2Cl2 (2.82 mL) were treated with dimethylmalonyl
dichloride (0.33 g, 1.94 mmol) in CH2Cl2 (1.94 mL) as described in the
general procedure. The workup was identical to the one described for 15a
to give 15b (952 mg, 80%)as a white foam which was used in the next step
without further purification. 1H NMR (200 MHz): �� 7.84 (d, J� 8.0 Hz,
2H), 7.31 ± 7.12 (m, 20H), 5.24 (dd, J� 8.4, 4.4 Hz, 2 H), 4.48 (d, J� 11.3 Hz,
2H), 4.38 (d, J� 11.3 Hz, 2H), 4.00 (ddd, J� 4.0, 4.0, 4.0 Hz, 2H), 3.41 (dd,
J� 10.0, 3.3 Hz, 2 H), 3.28 (dd, J� 10.0, 4.0 Hz, 2 H), 1.30 (s, 6H); 13C NMR
(50 MHz): �� 173.6 (C�O), 138.4 (C), 137.2 (C), 128.5 (CH), 128.3 (CH),
128.0 (CH), 127.3 (CH), 126.7 (CH), 73.8 (CH2), 72.0 (CH), 71.0 (CH2), 57.0
(CH), 49.9 (C), 23.4 (CH3); IR (film): �� � 3394, 3031, 2869, 1663, 1515, 1455,


1100, 733, 700 cm�1; MS (CI, NH3): m/z (%): 628 (3) [M�NH4]� , 611 (41)
[M�H]� , 610 (100) [M]� .


Formation of bis(oxazoline) 5b : A solution of dihydroxy diamide 15b
(0.58 g, 0.95 mmol), Et3N (0.58 mL, 4.16 mmol) and MsCl (0.165 mL,
2.12 mmol) in CH2Cl2 (7.8 mL) was treated as described in the general
procedure. The workup was identical to the one described for 16a to give
16b (697 mg, 96%) as a white foam which was used in the next step without
further purification. Bis(mesylate) 16b (697 mg, 0.91 mmol) was treated
with KOH (15.8 mL of a 5% methanolic solution in weight, 11.25 mmol)
for 15 h as described for 5a to afford 5b (501 mg, 96 %) as a yellow oil
which was used in the next reaction without further purification. 1H NMR
(200 MHz): �� 7.34 ± 7.22 (m, 20 H), 4.98 (d, J� 6.6 Hz, 2H), 4.59 ± 4.50 (m,
2H), 4.57 (s, 4H), 3.67 ± 3.65 (m, 4 H), 1.68 (s, 6H); 13C NMR (50 MHz):
�� 169.6 (C�N), 142.0 (C), 137.8 (C), 128.6 (CH), 128.5 (CH), 128.4 (CH),
127.7 (CH), 127.5 (CH), 127.4 (CH), 126.6 (CH), 86.3 (CH), 73.3 (CH2), 71.9
(CH), 70.9 (CH2), 39.0 (C), 24.4 (CH3); IR (film): �� � 1659, 1455, 1113, 737,
698 cm�1; MS (CI, NH3): m/z (%): 592 (3) [M�NH4]� , 575 (43) [M�H]� ,
574 (100) [M]� .


Preparation of 8b : A solution of [Pd(�3-C3H5)(�-Cl)]2 (44 mg, 0.12 mmol),
the bis(oxazoline) 5b (120 mg, 0.21 mmol) in EtOH (2 mL) and NH4PF6


(36 mg, 0.22 mmol) were treated as described in the general procedure for
14 h and then kept in the refrigerator, resulting in the separation of an
orange oil. The liquid was decanted and the oil was washed with cold EtOH
and dried under vacuum to give 8b as an orange foam (96 mg, 53%). [�]23


D


� � 64.2 (c� 0.85 g mL�1 in CHCl3); 1H NMR (300 MHz): �� 7.39 ± 7.15
(m, 20H), 5.19 (br s, 2H), 4.97 (tt, J� 12.6, 7.7 Hz, 1 H), 4.65 (s, 4H), 4.63 ±
4.60 (m, 2H), 3.90 (dd, J� 11.1, 3.3 Hz, 2 H), 3.84 (dd, J� 11.1, 4.5 Hz, 2H),
3.41 (br d, J� 7.8 Hz, 1H), 2.83 (dd, J� 7, 1.9 Hz, 1H), 2.57 (d, J� 12.3 Hz,
1H), 1.89 (d, J� 12.6 Hz, 1H), 1.81 (s, 6 H); 13C NMR (75 MHz): �� 172.7
(C�N), 139.5 (C), 137.4 (C), 129.5 (CH), 128.9 (CH), 128.5 (CH), 128.0
(CH), 127.9 (CH), 126.6 (CH), 126.3 (CH), 116.1 (CH), 87.7 (CH), 87.5
(CH), 74.7 (CH), 74.5 (CH), 73.6 (CH2), 69.6 (CH2), 69.5 (CH2), 61.6 (CH2),
61.1 (CH2), 40.9 (C), 26.2 (CH3), 24.8 (CH3); IR (film): �� � 3033, 1659, 1474,
1455, 1135, 1028, 837, 739, 700 cm�1; MS (FAB): m/z (%): 721 (100) [M�
PF6]� .


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(5-diphenylmethox-
ymethyl-4-phenyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluoro-
phosphate (8c)


Preparation of bis(hydroxyamide) 15c : (1R,2R)-1-Amino-1-phenyl-3-di-
phenylmethoxy-2-propanol (3c ; 1.5 g, 4.5 mmol) and Et3N (0.63 mL,
4.5 mmol) in CH2Cl2 (3.3 mL) were treated with dimethylmalonyl dichlor-
ide (0.38 g, 2.25 mmol) in CH2Cl2 (2.3 mL) as described in the general
procedure. After the usual workup, dihydroxy diamide 15c was obtained as
a white foam (1.67 g, 97 %) which was used in the next reaction without
further purification. 1H NMR (200 MHz): �� 7.66 (d, J� 8.4 Hz, 2H),
7.30 ± 7.12 (m, 30H), 5.26 ± 5.2 (m, 2H), 5.21 (s, 2 H), 4.08 ± 4.00 (m, 2H),
3.33 (dd, J� 9.7, 3.9 Hz, 2H), 3.41 (dd, J� 10, 4.4 Hz, 2 H), 1.18 (s, 6H);
13C NMR (50 MHz): �� 173.5 (C�O), 141.1 (C), 140.8 (C), 138.1 (C), 128.4
(CH), 127.7 (CH), 127.6 (CH), 127.4 (CH), 127.2 (CH), 127.0 (CH), 126.8
(CH), 84.9 (CH), 72.1 (CH), 70.4 (CH2), 56.6 (CH), 49.9 (C), 23.4 (CH3); IR
(film): �� � 3398, 3031, 2921, 1663, 1495, 1453, 1098, 1028, 733, 698 cm�1; MS
(FAB): m/z (%): 764 (100) [M�H]� .


Formation of bis(oxazoline) 5c : A solution of dihydroxy diamide 15c
(527 mg, 0.691 mmol), Et3N (0.424 mL, 3.04 mmol) and MsCl (0.118 mL,
1.52 mmol) in CH2Cl2 (5.5 mL) was treated as described in the general
procedure. After the usual workup, bis(mesylate) 16c was obtained
quantitatively as a white foam which was used in the next step without
further purification. The bis(mesylate) 16c (598 mg, 0.65 mmol) was
treated with KOH (11.4 mL of a 5 % methanolic solution in weight,
8.03 mmol) for 15 h as described for 5a to afford 5c (432 mg, 91%) as a
white solid. The product was recrystallized from Et2O. [�]23


D ��143.05 (c�
0.66 gmL�1 in CHCl3); 1H NMR (500 MHz): �� 7.26 ± 7.16 (m, 30H), 5.31
(s, 2H), 4.97 (d, J� 6.4 Hz, 2H), 4.48 (ddd, J� 5, 5, 5 Hz, 2H), 3.58 (dd, J�
10, 5 Hz, 2 H), 3.54 (dd, J� 10, 4.8 Hz, 2 H), 1.59 (s, 6H); 13C NMR
(75 MHz): �� 169.7 (C�N), 142.2 (C), 141.8 (C), 141.7 (C), 128.6 (CH),
128.4 (CH), 128.3 (CH), 127.6 (CH), 127.5 (CH), 127.4 (CH), 127.0 (CH),
126.9 (CH), 126.6 (CH), 86.3 (CH), 83.9 (CH), 72.0 (CH), 69.6 (CH2), 39.0
(C), 24.3 (CH3); IR (film): �� � 3062, 3029, 2937, 1659, 1495, 1453, 1111, 743,
698 cm�1; MS (FAB): m/z (%): 727 (100) [M]� ; elemental analysis calcd
(%) for C49H46N2O4: C 80.96, H 6.38, N 3.85; found: C 80.97, H 6.40, N 3.83.
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Preparation of 8c : A solution of [Pd(�3-C3H5)(�-Cl)]2 (44 mg, 0.12 mmol),
bis(oxazoline) 5c (158 mg, 0.217 mmol) in EtOH (2.5 mL) and NH4PF6


(36 mg, 0.22 mmol) were treated as described in the general procedure for
14 h and kept in the refrigerator, resulting in the precipitation of the
complex 8c as a white solid (115 mg, 52%). [�]23


D ��96.9 (c� 0.5 g mL�1 in
CHCl3); 1H NMR (500 MHz): �� 7.41 ± 7.1 (m, 30 H), 5.54 (s, 1H), 5.51 (s,
1H), 5.24 (d, J� 6.5 Hz, 1 H), 5.15, (d, J� 6.5 Hz, 1 H), 5.02 (tt, J� 12.6,
6.9 Hz, 1 H), 4.68 ± 4.66 (m, 2 H), 3.92 (dd, J� 12, 4 Hz, 1 H), 3.88 (dd, J�
12, 4 Hz, 1H), 3.81 (dd, J� 12, 4 Hz, 1 H), 3.76 (dd, J� 12, 4 Hz, 1 H), 3.41
(br d, J� 7.2 Hz, 1 H), 2.88 (dd, J� 6.9, 3.5 Hz, 1 H), 2.61 (d, J� 12.5 Hz,
1H), 1.95 (d, J� 12.5 Hz, 1 H), 1.82 (s, 3 H), 1.75 (s, 3H); 13C NMR
(75 MHz): �� 172.8 (C�N), 141.3 (C), 139.3 (C), 129.5 (CH), 128.9 (CH),
128.5 (CH), 127.8 (CH), 127.7 (CH), 127.1 (CH), 126.9 (CH), 116.2 (CH),
87.5 (CH), 84.2 (CH), 75.0 (CH), 68.7 (CH2), 61.6 (CH2), 61.2 (CH2), 40.9
(C), 26.1 (CH3); IR (KBr): �� 3031, 1659, 1455, 1133, 839, 749, 700 cm�1;
MS (ESP, MeOH):m/z (%): 873 (100) [M�PF6]� ; elemental analysis calcd
(%) for C52H51F6N2O4PPd: C 61.27, H 5.04, N 2.75; found: C 60.29, H 5.09,
N 2.58.


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(4-phenyl-5-triphe-
nylmethoxymethyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluoro-
phosphate (8d)


Preparation of bis(hydroxyamide) 15d : (1R,2R)-1-Amino-1-phenyl-3-tri-
phenylmethoxy-2-propanol (3d ; 1.00 g, 2.44 mmol) and Et3N (0.34 mL,
2.44 mmol) in CH2Cl2 (1.8 mL) were treated with dimethylmalonyl
dichloride (0.206 g, 1.22 mmol) in CH2Cl2 (1.2 mL) as described in the
general procedure for 20 h. The usual work up afforded the crude
dihydroxy diamide 15d (1.1 g, 99%) as a yellow foam which was used in
the next reaction without further purification. 1H NMR (200 MHz): ��
7.37 ± 7.0 (m, 42H), 5.12 (dd, J� 8, 4 Hz, 2 H), 4.16 ± 4.08 (m, 2H), 3.02 ±
2.98 (m, 4 H), 1.38 (s, 6H); 13C NMR (50 MHz): �� 173.0 (C�O), 143.3 (C),
137.3 (C), 128.5 (CH), 128.2 (CH), 127.8 (CH), 127.2 (CH), 127.0 (CH), 87.1
(C), 72.1 (CH), 69.2 (CH2), 56.1 (CH2), 49.6 (C), 23.9 (CH3); IR (KBr): ��
3409, 1661, 1495, 1449, 1077, 745, 700 cm�1; MS (FAB): m/z (%): 938 (100)
[M�Na]� .


Formation of bis(oxazoline) 5d : A solution of dihydroxy diamide 15d
(1.09 g, 1.19 mmol), Et3N (0.73 mL, 5.25 mmol) and MsCl (0.2 mL,
2.63 mmol) in CH2Cl2 (9.8 mL) was treated as described in the general
procedure. After the usual workup, bis(mesylate) 16d was obtained
quantitatively (1.27 g) as a white foam which was used in the next step
without further purification. The bis(mesylate) 16d (510 mg, 0.475 mmol)
was treated with KOH (8.9 mL of a 5 % methanolic solution in weight,
6.32 mmol) for 15 h as described for 5a to afford 5d (0.4 g, 96%) as a white
foam which was recrystallized from EtOH. [�]23


D ��120.85 (c� 1.05 g mL�1


in CHCl3); 1H NMR (300 MHz): �� 7.5 ± 7.20 (m, 40H), 5.0 (d, J� 6.9 Hz,
2H), 4.53 ± 4.47 (m, 2 H), 3.42 (dd, J� 10.2, 4.2 Hz, 2 H), 3.31 (dd, J� 10.2,
4.6 Hz, 2 H), 1.76 (s, 6H); 13C NMR (75 MHz): �� 169.8 (C�N), 143.6 (C),
142.3 (C), 128.6 (CH), 128.5 (CH), 127.8 (CH), 127.4 (CH), 127.1 (CH),
126.7 (CH), 86.8 (CH), 86.6 (CH), 71.9 (CH), 64.4 (CH2), 39.1 (C), 24.5
(CH3); IR (film): �� � 1655, 1449, 1117, 911, 733, 700 cm�1; MS (FAB): m/z
(%): 880 (100); HRMS (FAB): calcd for C61H55N2O4: 879.4162, found:
879.4190 [M�H]� .


Preparation of 8d : A solution of [Pd(�3-C3H5)(�-Cl)]2 (21.7 mg,
0.059 mmol), the bis(oxazoline) 5d (100 mg, 0.114 mmol) in EtOH
(1 mL) and NH4PF6 (20 mg, 0.123 mmol) were treated as described in the
general procedure for 14 h and kept in the refrigerator, resulting in the
precipitation of the complex 8d as a white solid (68 mg, 51 %). [�]23


D �
�72.9 (c� 1.8 g mL�1 in CH2Cl2); 1H NMR (300 MHz): �� 7.45 ± 7.01 (m,
40H), 5.04 (d, J� 7.2 Hz, 1 H), 5.06 ± 4.9 (m, 1H), 4.52 ± 4.46 (m, 2H), 3.69
(dd, J� 11.5, 3.3 Hz, 2 H), 3.56 (dd, J� 11.5, 4.8 Hz, 2H), 3.37 (br d, J�
6 Hz, 1 H), 2.84 (br d, J� 6.6 Hz, 1H), 2.57 (d, J� 12.3 Hz, 1H), 1.94 (s,
7H); 13C NMR (75 MHz): �� 172.8 (C�N), 143.1 (C), 139.2 (C), 129.5
(CH), 129.0 (CH), 128.5 (CH), 127.5 (CH), 126.4 (CH), 126.3 (CH), 88.1
(C), 87.3 (CH), 74.8 (CH), 63.6 (CH2), 61.7 (CH2), 61.3 (CH2), 41.1 (C), 25.8
(CH3); IR (film): �� � 3060, 1656, 1492, 1449, 1131, 839, 749, 700 cm�1; MS
(ESP, MeOH): m/z (%): 1025 (100) [M�PF6]� ; elemental analysis calcd
(%) for C64H59F6N2O4PPd: C 65.62, H 5.08, N 2.39; found: C 64.24, H 5.18,
N 2.70.


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(5-methoxyethoxy-
methyl-4-phenyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluorophos-
phate (8e)


Preparation of bis(hydroxyamide) 15e : (1R,2R)-1-Amino-3-[2-(meth-
oxy)ethoxy]-1-phenyl-2-propanol (3e ; 0.60 g, 2.66 mmol) and Et3N
(0.372 mL, 2.66 mmol) in CH2Cl2 (1.9 mL) were treated with dimethylma-
lonyl dichloride (0.225 g, 1.33 mmol) in CH2Cl2 (1.34 mL) as described in
the general procedure for 20 h. After the usual workup, dihydroxy diamide
15e was obtained as an orange oil (0.589 g, 81%) which was used in the
next reaction without further purification. 1H NMR (200 MHz): �� 7.81 (d,
J� 8.8 Hz, 2 H), 7.36 ± 7.20 (m, 10H), 5.48 (dd, J� 8.6, 4.6 Hz, 2 H), 3.94 ±
3.92 (m, 2H), 3.82 ± 3.32 (m, 12H), 3.51 (s, 6 H), 1.50 (s, 6H); 13C NMR
(50 MHz): �� 173.6 (C�O), 139.2 (C), 128.4 (CH), 127.9 (CH), 127.0 (CH),
126.8 (CH), 126.3 (CH), 72.1 (CH), 71.8 CH2), 71.5 (CH2), 70.5 (CH2), 58.6
(CH3), 57.5 (CH), 50.3 (C), 23.7 (CH3); IR (film): �� � 3390, 3064, 3031, 2894,
1667, 1515, 1455, 1200, 1104, 735, 702 cm�1; MS (CI, NH3): m/z (%): 564
(19) [M�NH4]� , 547 (100) [M�H]� .


Formation of bis(oxazoline) 5e : A solution of dihydroxy diamide 15e
(0.5 g, 0.915 mmol), Et3N (0.559 mL, 4.0 mmol) and MsCl (0.157 mL,
2.0 mmol) in CH2Cl2 (7.6 mL) was treated as described in the general
procedure. After the usual workup, bis(mesylate) 16e was obtained
quantitatively as an orange oil which was used in the next step without
further purification. The bis(mesylate) 16e (0.64 g, 0.915 mmol) was
treated with KOH (15.9 mL of a 5 % methanolic solution in weight,
11.25 mmol) for 15 h as described for 5a to afford bis(oxazoline) 5e
(415 mg, 89%) as an orange oil which was used in the next reaction without
further purification. 1H NMR (200 MHz): �� 7.35 ± 7.20 (m, 10H), 4.94 (d,
J� 6.6 Hz, 2 H), 4.54 (ddd, J� 5, 5, 5 Hz, 2 H), 3.73 ± 3.52 (m, 12 H), 3.38 (s,
6H), 1.68 (s, 6H); 13C NMR (50 MHz): �� 169.6 (C�N), 142.1 (C), 128.6
(CH), 127.5 (CH), 126.6 (CH), 86.4 (CH), 72.4 (CH2), 72.0 (CH2), 72.0
(CH), 71.0 (CH2), 59.0 (CH3), 39.0 (C), 24.4 (CH3); IR (film): �� � 2879,
1659, 1495, 1455, 1111, 1030, 994, 700 cm�1; MS (CI, NH3): m/z (%): 546
(100) [M� 2 NH4]� .


Preparation of 8e : A solution of [Pd(�3-C3H5)(�-Cl)]2 (137 mg, 0.37 mmol),
bis(oxazoline) 5e (362 mg, 0.71 mmol) in EtOH (4 mL) and NH4PF6


(122 mg, 0.75 mmol) were treated as described in the general procedure
for 14 h and kept in the refrigerator, resulting in the separation of an orange
oil. The liquid was decanted and the oil was washed with cold EtOH and
dried under vacuum to give the complex 8e as an orange foam (0.3 g, 53%).
[�]23


D ��50.9 (c� 1.01 gmL�1 in CH2Cl2); 1H NMR (300 MHz): �� 7.42 ±
7.2 (m, 10H), 5.20 (br s, 2 H), 4.98 (tt, J� 12.3, 6.9 Hz, 1H), 4.68 ± 4.63 (m,
2H), 3.89 ± 3.87 (m, 4 H), 3.76 ± 3.57 (m, 8 H), 3.42 (br d, J� 6.9 Hz, 1H),
3.37 (s, 6H), 2.83 (dd, J� 7.2, 1.8 Hz, 1H), 2.6 (d, J� 12.6 Hz, 1H), 1.89 (d,
J� 12.6 Hz, 1 H), 1.87 (s, 6H); 13C NMR (75 MHz): �� 172.8 (C�N), 139.4
(C), 129.4 (CH), 128.8 (CH), 126.4 (CH), 116.0 (CH), 87.6 (CH), 74.5 (CH),
71.7 (CH2), 70.9 (CH2), 70.6 (CH2), 61.5 (CH2), 61.0 (CH2), 58.9 (CH3), 40.8
(C), 25.6 (CH3); IR (film): �� � 2927, 1659, 1495, 1457, 1221, 1129, 839, 756,
702 cm�1; MS (FAB): m/z : 658 (100) [M�PF6]� .


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(5-diphenylmethoxy-
methyl-4-(2,4,6-trimethylphenyl)-4,5-dihydrooxazole)-N,N]-palladium(��)
hexafluorophosphate (8 f)


Preparation of bis(hydroxyamide) 15 f : (1R,2R)-1-Amino-1-mesityl-3-di-
phenylmethoxy-2-propanol (3 f ; 0.8 g, 2.13 mmol) and Et3N (0.297 mL,
2.13 mmol) in CH2Cl2 (1.54 mL) were treated with dimethylmalonyl
dichloride (0.18 g, 1.065 mmol) in CH2Cl2 (1.1 mL) as described in the
general procedure for 20 h. After the usual workup, dihydroxy diamide 15 f
was obtained quantitatively as an orange foam which was used in the next
reaction without further purification. 1H NMR (200 MHz): �� 7.41 (d, J�
8.0 Hz, 2H), 7.32 ± 7.25 (m, 20 H), 6.68 (s, 4 H), 5.53 ± 5.39 (m, 2H), 5.39 (s,
2H), 4.12 ± 4.03 (m, 2 H), 3.60 (dd, J� 9.9, 3.7 Hz, 2 H), 3.50 (dd, J� 10.2,
5.2 Hz, 2H), 2.23 (s, 18H), 1.11 (s, 6 H); 13C NMR (50 MHz): �� 172.5
(C�O), 141.3 (C), 136.5 (C), 131.2 (C), 128.4 (CH), 127.6 (CH), 127.0 (CH),
126.9 (CH), 84.8 (CH), 71.5 (CH), 71.0 (CH2), 52.3 (CH), 49.1 (C), 23.7
(CH3), 20.8 (CH3); IR (film): �� � 3408, 3064, 3029, 1669, 1509, 1453, 1094,
735, 702 cm�1; MS (FAB): m/z (%): 848 (100) [M�H]� .


Formation of bis(oxazoline) 5 f : A solution of dihydroxy diamide 15 f (0.9 g,
1.06 mmol), Et3N (0.65 mL, 4.67 mmol) and MsCl (0.18 mL, 2.34 mmol) in
CH2Cl2 (8.7 mL) were treated as described in the general procedure. After
the usual workup, bis(mesylate) 16 f was obtained quantitatively as a yellow
foam which was used in the next step without further purification. The
bis(mesylate) 16 f (1.02 g, 1.02 mmol) was treated with KOH (17.7 mL of a
5% methanolic solution in weight, 12.7 mmol, 12.4) for 15 h as described
for 5a to afford bis(oxazoline) 5 f (0.78 g, 95%) as a yellow foam which was
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used in the next reaction without further purification. A fraction of the
crude was chromatographed through a silica gel/2.5% Et3N column using
hexane/EtOAc (95:5/90:10) as eluent to give a sample pure for the
complete characterisation. [�]23


D ��118.8 (c� 0.54 g mL�1 in CH2Cl2);
1H NMR (200 MHz): �� 7.28 ± 7.26 (m, 20H), 6.76 (s, 4H), 5.45 (d, J�
9.2 Hz, 2H), 5.33 (s, 2 H), 4.70 ± 4.63 (m, 2 H), 3.64 (dd, J� 10.8, 3.4 Hz,
2H), 3.54 (dd, J� 10.7, 5.1 Hz, 2H), 2.25 (s, 12 H), 2.22 (s, 6H), 1.63 (s, 6H);
13C NMR (50 MHz): �� 168.4 (C�N), 141.7 (C), 141.6 (C), 137.3 (C), 136.9
(C), 132.7 (C), 130.1 (C), 128.3 (CH), 128.2 (CH), 127.5 (CH), 127.4 (CH),
127.0 (CH), 126.9 (CH), 84.0 (CH) 83.9 (CH), 69.7 (CH2), 67.6 (CH), 39.0
(C), 24.0 (CH3), 20.8 (CH3), 20.5 (CH3); IR (film): �� � 3029, 2927, 2858,
1656, 1611, 1495, 1455, 1108, 1030, 911, 737, 702 cm�1; MS (FAB): m/z (%):
812 (100) [M�H]� ; HRMS (FAB): calcd for C55H58N2O4: 811.4430, found:
811.4432 [M]� .


Preparation of 8 f : [Pd(�3-C3H5)(�-Cl)]2 (26 mg, 0.071 mmol), bis(oxazo-
line) 5 f (109 mg, 0.134 mmol) in EtOH (2 mL) and NH4PF6 (23 mg,
0.142 mmol) were treated as described in the general procedure for 14 h
and kept in the refrigerator, resulting in a poor precipitation of the complex
8 f. Then, the reaction mixture was concentrated under vacuum, CH2Cl2


was added. The organic phase was washed with water, separated,
subsequently dried (MgSO4), filtered and concentrated under reduced
pressure. Hexane (2 mL) was added resulting in the precipitation of the
complex 8 f as a white solid (110 mg, 74%). [�]23


D ��122.2 (c� 0.9 g mL�1


in CHCl3); 1H NMR (300 MHz): �� 7.33 ± 7.30 (m, 20 H), 6.79 (s, 4H), 5.76
(d, J� 8.4 Hz, 1 H), 5.59 (d, J� 9.3 Hz, 1H), 5.49 (s, 2 H), 5.04 (tt, J� 12.4,
6.9 Hz, 1 H), 4.80 ± 4.77 (m, 2 H), 3.90 (dd, J� 11, 2.5 Hz, 2H), 3.73 (dd, J�
11, 2.5 Hz, 2H), 3.35 (dd, J� 6.5, 2 Hz, 1H), 2.56 (dd, J� 7.0, 2.0 Hz, 1H),
2.41 (d, J� 12.5 Hz, 1 H), 2.22 (s, 6H), 2.12 (s, 6H), 2.05 (s, 6H), 1.88 (d, J�
12.5 Hz, 1H), 1.75 (s, 3 H), 1.72 (s, 3H); 13C NMR (75 MHz): �� 171.4
(C�N), 141.1 (C), 138.9 (C), 138.6 (C), 137.4 (C), 137.2 (C), 136.9 (C, 130.5
(C), 131.9 (C), 129.8 (CH), 128.6 (CH), 128.5 (CH), 128.4 (CH), 128.0 (CH),
127.9 (CH), 127.8 (CH), 127.7 (CH), 127.4 (CH), 127.3 (CH), 126.9 (CH),
116.3 (CH), 85.5 (CH), 85.1 (CH), 84.3 (CH), 70.7 (CH), 70.1 (CH), 68.5
(CH2), 68.0 (CH2), 60.6 (CH2), 60.2 (CH2), 40.9 (C), 25.8 (CH3), 23.4 (CH3),
20.8 (CH3), 20.7 (CH3), 20.6 (CH3), 20.0 (CH3); IR (KBr): �� 3031, 2925,
1654, 1611, 1495, 1455, 1131, 1090, 1030, 841, 733, 704 cm�1; MS (FAB):m/z
(%): 958 (100) [M�PF6]� ; elemental analysis calcd (%) for
C60H55F6N2O4PPd: C 64.38, H 4.95, N 2.50; found: C 65.41, H 5.14, N 2.65.


�3-Allyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(5-diphenylmethoxy-
methyl-4-(1-naphthyl)-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluoro-
phosphate (8g)


Preparation of bis(hydroxyamide) 15g : (1R,2R)-1-Amino-1-(1-naphthyl)-
3-diphenylmethoxy-2-propanol (3g ; 0.5 g, 1.3 mmol) and Et3N (0.182 mL,
1.3 mmol) in CH2Cl2 (0.95 mL) were treated with dimethylmalonyl
dichloride (0.11 g, 0.65 mmol) in CH2Cl2 (0.65 mL) as described in the
general procedure for 20 h. After the usual workup, dihydroxy diamide 15g
was obtained quantitatively as an orange foam which was used in the next
reaction without further purification. 1H NMR (200 MHz): �� 8.13 ± 8.08
(m, 2H), 7.89 ± 7.81 (m, 4 H), 7.71 (d, J� 7.8 Hz, 2 H), 7.46 ± 7.41 (m, 8H),
7.30 ± 7.17 (m, 20 H), 6.16 (dd, J� 8, 4.4 Hz, 2H), 5.16 (s, 2H), 4.27 ± 4.25 (m,
2H), 3.42 (dd, J� 10.1, 3.5 Hz, 2 H), 3.27 (dd, J� 10, 3.4 Hz, 2H), 1.18 (s,
6H); 13C NMR (50 MHz): �� 173.6 (C�O), 140.9 (C), 140.7 (C), 134.5 (C),
133.7 (C), 130.9 (C), 128.7 (CH), 128.4 (CH), 128.0 (CH), 127.8 (CH), 127.6
(CH), 127.4 (CH), 126.9 (CH), 126.4 (CH), 125.6 (CH), 125.2 (CH), 123.5
(CH), 122.9 (CH), 85.2 (CH), 71.1 (CH), 70.5 (CH2), 53.4 (CH), 50.0 (C),
23.4 (CH3); IR (film): �� � 3394, 3062, 1663, 1513, 1453, 1100, 778, 741,
700 cm�1; MS (FAB): m/z (%): 864 (100) [M�H]� .


Formation of bis(oxazoline) 5g : A solution of dihydroxy diamide 15g
(620 mg, 0.718 mmol), Et3N (0.435 mL, 3.12 mmol) and MsCl (0.123 mL,
1.59 mmol) in CH2Cl2 (5.9 mL) were treated as described in the general
procedure. After the usual workup, bis(mesylate) 16g was obtained
quantitatively as a yellow foam which was used in the next step without
further purification. The bis(mesylate) 16g (0.7 g, 0.69 mmol) was treated
with KOH (11.9 mL of a 5% methanolic solution in weight, 8.6 mmol) for
15 h as described for 5a to afford bis(oxazoline) 5g (0.53 g, 93 %) as a
yellow foam which was used in the next reaction without further
purification. A fraction of the crude was chromatographed through a silica
gel/2.5 % Et3N column using hexane/EtOAc (100:0/80:20) as eluent to give
a sample pure for the complete characterisation. [�]23


D ��12.0 (c�
0.63 gmL�1 in CHCl3); 1H NMR (200 MHz): �� 7.97 (d, J� 8.8 Hz, 2H),
7.83 (d, J� 7.8 Hz, 2H), 7.72 (d, J� 8.0 Hz, 2H), 7.45 ± 7.23 (m, 28 H), 5.92


(d, J� 5.6 Hz, 2H), 5.41 (s, 2H), 4.61 (ddd, J� 4.9, 4.9, 4.9 Hz, 2 H), 3.81
(dd, J� 10.2, 4.8 Hz, 2H), 3.72 (dd, J� 10.6, 4.4 Hz, 2 H), 1.82 (s, 6H);
13C NMR (50 MHz): �� 170.1 (C�N), 141.7 (C), 141.6 (C), 137.3 (C), 133.8
(C), 130.7 (C), 128.7 (CH), 128.5 (CH), 128.3 (CH), 127.9 (CH), 127.7 (CH),
127.5 (CH), 127.2 (CH), 126.8 (CH), 126.0 (CH), 125.6 (CH), 125.4 (CH),
124.3 (CH), 123.1 (CH), 85.6 (CH), 84.1 (CH), 69.1 (CH2), 67.9 (CH), 39.3
(C), 24.5 (CH3); IR (film): �� � 3062, 1661, 1611, 1495, 1453, 1148, 1119, 909,
778, 735, 702 cm�1; MS (FAB): m/z (%): 828 (100) [M]� ; HRMS (FAB):
calcd for C57H50N2O4: 827.3804; found: 827.3837 [M]� .


Preparation of 8g : [Pd(�3-C3H5)(�-Cl)]2 (23 mg, 0.064 mmol), bis(oxazo-
line) 5g (0.1 g, 0.121 mmol) in EtOH (2 mL) and NH4PF6 (21 mg,
0.13 mmol) were treated as described in the general procedure for 14 h
and kept in the refrigerator, resulting in the precipitation of the complex 8g
as a white solid (89 mg, 66 %) which was filtered and washed with cold
EtOH. [�]23


D ��92.6 (c� 0.45 gmL�1 in CHCl3); 1H NMR (500 MHz): ��
7.88 (d, J� 8.1 Hz, 2 H), 7.84 (d, J� 8.1 Hz, 2 H), 7.72 (d, J� 8.4 Hz, 2H),
7.51 ± 7.29 (m, 28 H), 6.14 (br s, 2H), 5.67 (s, 2H), 4.89 (tt, J� 12.5, 7 Hz,
1H), 4.73 (br d J� 4.1 Hz, 2 H), 4.09 (dd, J� 10.5, 4.2 Hz, 2 H), 3.99 (dd, J�
10.5, 4.2 Hz, 2H), 2.96 (br d, J� 7 Hz, 1H), 2.60 (d, J� 12 Hz, 1 H), 2.51
(br d, J� 7 Hz, 1H), 1.89 (s, 6H), 1.70 (d, J� 12 Hz, 1H); 13C NMR
(75 MHz): �� 172.8 (C�N), 141.5 (C), 141.2 (C), 134.6 (C), 133.8 (C), 129.9
(CH), 129.2 (CH), 128.7 (CH), 128.5 (CH), 128.0 (CH), 127.7 (CH), 127.4
(CH), 127.1 (CH), 127.0 (CH), 126.2 (CH), 121.8 (CH), 116.3 (CH), 86.9
(CH), 84.2 (CH), 70.8 (CH), 68.5 (CH2), 61.5 (CH2), 60.9 (CH2), 41.1 (C),
25.4 (CH3); IR (KBr): �� 3064, 1661, 1474, 1455, 1133, 839, 778, 743,
702 cm�1; MS (FAB): m/z (%): 974 (100) [M�PF6]� ; elemental analysis
calcd (%) for C58H63F6N2O4PPd: C 63.13, H 5.75, N 2.59; found: C 63.48, H
5.82, N 2.69.


�3-Allyl [(4R,4�R,5R,5�R)-2,2�-(1-methylethylidene)bis(5-diphenylme-
thoxymethyl-4-phenyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluoro-
phosphate (9c)


Formation of bis(oxazoline) 6c : A solution of dihydroxy diamide 15c
(0.5 g, 0.655 mmol) in anhydrous xylene (13 mL) was heated under reflux in
a Dean-Stark apparatus with dibutyl tin dichloride (13 mg) for 48 h. The
solvent was distilled off and the crude bis(oxazoline) 6c was used in the
next reaction without further purification.


Preparation of 9c : A solution of [Pd(�3-C3H5)(�-Cl)]2 (50 mg, 0.137 mmol),
bis(oxazoline) 6c (0.18 g, 0.248 mmol) in EtOH (3 mL) and NH4PF6


(44 mg, 0.27 mmol) were treated as described in the general procedure
for 14 h and kept in the refrigerator, resulting in the separation of an orange
oil. The liquid was decanted and the oil was washed with cold EtOH and
dried under vacuum to give 9c as an orange foam (80 mg, 32%). [�]23


D �
�48.1 (c� 0.55 gmL�1 in CHCl3); 1H NMR (300 MHz): �� 7.33 ± 7.13 (m,
30H), 5.64 (d, J� 10.5 Hz, 1H), 5.53 (d, J� 10.5 Hz, 1H), 5.40 ± 5.27 (m,
2H), 4.97 (s, 1 H), 4.94 (s, 1 H), 4.88 (tt, J� 12.3, 7.3 Hz, 1 H), 4.11 (d, J�
4.8 Hz, 1H), 3.25 ± 3.20 (m, 4 H), 2.72 (dd, J� 6.9, 1.8 Hz, 1 H), 2.57 (d, J�
12.3 Hz, 1H), 1.84 (s, 3H), 1.77 (s, 3H), 1.72 (d, J� 12.6 Hz, 1H); 13C NMR
(75 MHz): �� 172.9 (C�N), 141.2 (C), 141.1 (C), 134.8 (C), 134.7 (C), 128.8
(CH), 128.5 (CH), 128.3 (CH), 128.0 (CH), 127.8 (CH), 127.6 (CH), 127.5
(CH), 126.8 (CH), 126.7 (CH), 116.1 (CH), 84.3 (CH), 83.2 (CH), 83.0
(CH), 74.1 (CH), 73.9 (CH), 67.4 (CH2), 67.3 (CH2), 61.8 (CH2), 60.8 (CH2),
40.9 (C), 26.0 (CH3), 25.1 (CH3); IR (film): �� � 3031, 1659, 1495, 1455, 1135,
1096, 839, 739, 702 cm�1; MS (FAB): m/z (%): 873 (100) [M�PF6]� .


�3-Allyl [(4R,4�R)-2,2�-(1-methylethylidene)bis(4-phenyl)-4,5-dihydrooxa-
zole)-N,N]-palladium(��) hexafluorophosphate (10): Analogous complex
with SbF6 as an outer-anion described by Rush et al.[30] Crude bis(oxazo-
line) 7 (R�Ph) (0.641 g, 1.92 mmol) in acetone/dichloromethane 1:1
(20 mL) was stirred and cooled to 0 �C. A solution of [Pd(�3-C3H5)(�-Cl)]2


(0.346 g, 0.96 mmol) in 20 mL of the same mixture of solvents was added,
followed by addition of NH4PF6 (3.12 g, 19.2 mmol) dissolved in 20 mL of
the same mixture of solvents. The mixture was stirred for 1 h at room
temperature. Then, the solvent was evaporated and the solid obtained was
washed with water and recrystallized from absolute ethanol/pentane
(0.99 g, 83%). 1H NMR (250 MHz): �� 7.46 ± 7.14 (m, 10H), 5.53 (dd,
J� 10.4, 7.0 Hz, 1H), 5.42 (dd, J� 10.4, 7.7 Hz, 1 H), 5.00 (m, 3 H), 4.30 (m,
2H), 3.43 (d, J� 6.6 Hz, 1 H), 2.85 (d, J� 6.0 Hz, 1 H), 2.57 (d, J� 12.4 Hz,
1H), 1.93 (d, J� 12.5 Hz, 1 H), 1.88 (s, 3 H), 1.84 (s, 3H); 13C NMR
(50 MHz): �� 173.4 (C�N), 139.9 (C), 139.7 (C), 129.3 (CH), 128.8 (CH),
126.7 (CH), 126.4 (CH), 115.8 (CH), 76.5 (CH2), 72.8 (CH), 72.4 (CH), 61.2
(CH2), 60.9 (CH2), 40.8 (C), 26.6 (CH3), 24.7 (CH3); IR (KBr): �� � 1566,
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839 cm�1; MS (FAB): m/z (%): 483 (100) [M�PF6]� ; elemental analysis
calcd (%) for C24H27F6N2O2PPd: C 45.98, H 4.34, N 4.47; found: C 44.65, H
4.50, N 4.52.


�3-1,3-Diphenylallyl [(4R,4�R,5S,5�S)-2,2�-(1-methylethylidene)bis(5-me-
thoxyethoxymethyl-4-phenyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexa-
fluorophosphate (11e): A solution of [Pd(�3-1,3-Ph2-C3H3)(�-Cl)]2


(56 mg, 0.084 mmol) and crude bis(oxazoline) 5e (0.1 g, 0.196 mmol) in
CH2Cl2/THF/MeOH 6:5:5 (16 mL) was stirred at room temperature for 1 h
and then NH4PF6 (32 mg, 0.198 mmol) was added. After stirring the
reaction mixture for one week, it was washed with water, dried (MgSO4)
and concentrated under vacuum to give the crude complex. EtOH was
added resulting in the separation of an oil. The liquid was decanted and the
oil was washed wih cold EtOH and dried under vacuum to give the complex
11e as an orange foam (0.1 g, 54 %). [�]23


D ��45.4 (c� 0.47 g mL�1 in
CHCl3); 1H NMR (500 MHz): � (major)� 7.39 ± 6.63 (m, 20 H), 5.66 (dd,
J� 13, 10.5 Hz, 1H), 5.25 (d, J� 13 Hz, 1 H), 4.35 ± 4.32 (m, 2 H), 4.22 (d,
J� 4 Hz, 1H), 3.98 (d, J� 4 Hz, 1 H), 3.71 ± 3.42 (m, 12 H), 3.70 (dd, J�
10.5, 1 Hz, 1H), 3.36 (s, 3 H), 3.29 (s, 3 H), 1.87 (s, 3 H), 1.58 (s, 3H);
minor� 7.48 ± 6.84 (m, 20 H), 5.16 (d, J� 6.5 Hz, 1 H), 5.03 (dd, J� 12, 8 Hz,
1H), 4.61 (ddd, J� 6.4, 3.1, 3.1 Hz, 1H), 4.58 (d, J� 8 Hz, 1 H), 4.37 ± 4.33
(m, 1 H), 3.88 (d, J� 5.5 Hz, 1 H), 3.81 (d, J� 12 Hz, 1 H), 3.82 ± 3.79 (m,
2H), 3.72 ± 3.42 (m, 8H), 3.29 (s, 3H), 3.26 (s, 3 H), 3.27 ± 3.25 (m, 2H), 1.81
(s, 3H), 1.67 (s, 3H); 13C NMR (75 MHz): � (major)� 173.7 (C�N), 172.7
(C�N), 139.6 (C), 139.2 (C), 138.4 (C), 135.6 (C), 129.2 (CH), 129.1 (CH),
128.9 (CH), 128.5 (CH), 128.3 (CH), 128.1 (CH), 125.3 (CH), 124.6 (CH),
107.4 (CH), 87.2 (CH), 87.0 (CH), 85.2 (CH), 72.2 (CH), 71.8 (CH2), 71.7
(CH2), 71.2 (CH2), 70.9 (CH2), 70.8 (CH2), 70.1 (CH), 69.4 (CH), 58.9
(CH3), 40.5 (C), 26.7 (CH3), 24.1 (CH3); minor� 173.2 (C�N), 139.4 (C),
138.9 (C), 137.6 (C), 129.6 (CH), 128.9 (CH), 128.2 (CH), 128.0 (CH), 127.9
(CH), 127.8 (CH), 126.5 (CH), 125.7 (CH), 105.0 (CH), 87.7 (CH), 86.8
(CH), 80.7 (CH), 76.0 (CH), 73.0 (CH), 70.5 (CH2), 69.9 (CH), 58.9 (CH3),
40.5 (C), 27.0 (CH3), 23.6 (CH3); IR (film): �� � 2925, 1655, 1492, 1451, 1123,
839, 758, 698 cm�1; MS (FAB): m/z (%): 809 (100) [M�PF6]� .


(�3-Cyclohexenyl)-[(4R,4�R,5R,5�R)-2,2�-(1-methylethylidene)bis(5-phe-
nyl-4-methoxymethyl-4,5-dihydrooxazole)-N,N]-palladium(��) hexafluoro-
phosphate (12a) Preparation of 12a : [Pd(�3-cyclohexenyl)(�-Cl)]2 (90 mg,
0.168 mmol), bis(oxazoline) 5a (0.16 g, 0.37 mmol) in EtOH (3 mL) and
NH4PF6 (60 mg, 0.37 mmol) were treated as described in the general
procedure for 14 h and kept in the refrigerator, resulting in the precip-
itation of the complex 12a as a white solid (152 mg, 70%) which was
filtered and washed with cold EtOH. 1H NMR (500 MHz): �� 7.45 ± 7.15
(m, 10H), 5.19 (d, J� 7 Hz, 1H), 5.13 (d, J� 7 Hz, 1H), 5.09 (t, J� 6.5 Hz,
1H), 4.67 (m, 1H), 4.57 (m, 2 H), 3.79 (t, J� 4.0 Hz, 2H), 3.70 (m, 2 H), 3.56
(m, 1H), 3.48 (s, 3H), 3.43 (s, 3H), 1.87 (s, 3H), 1.84 (s, 3 H), 1.44 (m, 1H),
1.31 (m, 1H), 1.18 (m, 1H), 0.89 (m, 1 H), 0.53 (m, 1 H), 0.07 (m, 1H);
13C NMR (62.9 MHz): �� 173.1 (C�N), 172.7 (C�N), 139.7 (C), 139.4 (C),
129.7 (CH), 129.5 (CH), 129.0 (CH), 126.8 (CH), 126.4 (CH), 125.9 (C),
106.1 (CH), 88.0 (CH), 87.7 (CH), 78.8 (CH2), 75.2 (CH2), 74.6 (CH), 74.4
(CH), 72.0 (CH2), 59.6 (CH3), 40.7 (C), 28.2 (CH2), 27.2 (CH2), 26.7 (CH3),
24.4 (CH3), 19.3 (CH2); MS (FAB): m/z (%): 610 (100) [M�PF6]� ;
elemental analysis calcd (%) for C31H39F6N2O4PPd: C 49.32, H 5.21, N 3.70;
found: C 48.70, H 5.60, N 3.74.


General procedure for palladium-catalyzed allylic alkylation


Allylic alkylation of rac-3-acetoxy-1,3-diphenyl-1-propene : The complex
8a ± g, 9c or 10 (0.02 mmol) was dissolved in CH2Cl2 (2 mL). rac-3-
Acetoxy-1,3-diphenyl-1-propene (252 mg, 1 mmol), dissolved in CH2Cl2


(2 mL), was added followed by dimethyl malonate (396 mg, 3 mmol),
BSA (610 mg, 3 mmol), and a catalytic amount of KOAc. The mixture was
stirred at room temperature for 48 h (unless stated otherwise). Then, the
solution was diluted with diethyl ether, filtered over Celite, and washed
with water (4� 10 mL). The organic phase was dried over anhydrous
Na2SO4, filtered off, and solvent removed under reduced pressure.
Purification of the product was done by column chromatography (silica
gel; ethyl acetate), followed by heating treatment at 130 �C under vacuum.
The enantiomeric excesses were determined by HPLC on a Chiralcel OD
column, using hexane/isopropanol 9:1, in a flow of 0.5 mL min�1 and
pressure 14 bar.


Allylic alkylation of rac-3-acetoxy-1-cyclohexene : The procedure was
analogous to the one described for the rac-3-acetoxy-1,3-diphenyl-1-
propene. Purification of the product was done by column chromatography


(silica gel; ethyl acetate). The enantiomeric excesses were determined by
GC on a FS-cyclodex-�-I/P column.
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Synthesis and Self-Assembly of 2,9,16-Tri(tert-butyl)-23-(10-mercapto-
decyloxy)phthalocyanine and the Application of Its Self-Assembled
Monolayers in Organic Light-Emitting Diodes


Xuebin Huang, Yunqi Liu,* Shuai Wang, Shuqin Zhou, and Daoben Zhu*[a]


Abstract: 2,9,16-Tri(tert-butyl)-23-(10-mercaptodecyloxy)phthalocyanine (8) and its
disulfide (9) have been synthesized and characterized, and their self-assembling
behaviors on gold substrates have been studied. Characteristic Q-bands were
observed at about 630 nm in the UV/visible spectra of the self-assembling monolayers
(SAMs). They were broadened and blue-shifted relative to those observed in
solution. Binding energies for S2p have the same values (161.70 eV) and are in accord
with those for gold thiolates. The application of the SAMs in organic light-emitting
diode was investigated. It shows that the SAM promotes the hole injection process
from the anode.


Keywords: hole injection ¥ organic
light-emitting diode ¥ phthalocya-
nines ¥ self-assembly ¥ synthesis
design


Introduction


Phthalocyanines have attracted great interest due to their
remarkable properties, which give them many possible
applications. They have already been used in laser printers,
photocopiers, and data storage systems, but still have many
other potential applications.[1, 2] Phthalocyanine thin films are
usually used in these devices.[2] Various methods have been
used in fabricating such films, for example, the Langmuir ±
Blodgett technique, spin-coating, and self-assembly meth-
ods.[2±4] Among these, self-assembled monolayers (SAMs) are
particularly attractive because they are simple to fabricate
and have high stability and reproducibility.[5] Moreover, with
the rapid growth of the promising research field of molecular-
scale electronic devices, self-assemblies are receiving even
more attention. Molecular field-effect transistors based on
SAMs have been reported recently.[6] Ball described a bright
future for commercially viable devices based on molecular
self-assembly.[7] Though the self-assembly of small molecules,
especially thiols, has been extensively studied,[5] only limited
work has been done on the self-assembly of phthalocyanines.
This probably comes from the synthetic difficulties of making
functionalized phthalocyanines. Trichlorosilyl phthalocya-
nines assembled on glass or silicon substrates have been
reported by Cook et al.[8] Russell et al. reported the self-
assembly of mercapto- and disulfide-functionalized phthalo-


cyanines on gold surfaces.[9] Phthalocyanine has been widely
used in organic light-emitting diodes (OLEDs).[10, 11] It has
been demonstrated that the phthalocyanine layer can enhance
the hole injection from indium tin oxide (ITO) to the hole
transport layer. In these devices, the phthalocyanine thin films
were fabricated by thermal evaporation. No phthalocyanine
SAM has been used in an OLED yet. In this paper, a more
general method[12] was used for the synthesis of hydroxy
phthalocyanine, which was then converted to the target
phthalocyanines. tert-Butyl groups were introduced to en-
hance the phthalocyanines× solubility, and a long chain bearing
a mercapto or disulfide group was used as functional group for
self-assembly. Their assembled monolayers on gold-coated
substrates were studied and characterized by UV/visible
spectrometry and X-ray photoelectron spectrometry (XPS).
The application of the SAM in OLEDs was investigated.


Results and Discussion


Synthesis: Condensation of phthalonitriles is a well-estab-
lished method for the synthesis of pthalocyanines.[1] A lot of
uniformly substituted phthalocyanines bearing various sub-
stituents have been synthesized by this method.[1] It has been
used in the synthesis of nonuniformly substituted phthalo-
cyanines as well.[13±19] Condensation of two (or more, theo-
retically) kinds of phthalonitriles bearing different substitu-
ents produces a mixture of phthalocyanines. From this
mixture, a series of nonuniformly substituted phthalocyanines
can be separated. Though the yield is rather low, this is the
most used method and it seems to be the most convenient
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Fax: (�86)10-62559373
E-mail : liuyq@infoc3.icas.ac.cn
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method at present, until a better method is developed.
Phthalonitriles bearing an alkoxy group at the 4-position
have been synthesized through the nucleophilic substitution
of 4-nitrophthalonitrile (2), which is commercially available
according to a literature method.[12] Using monohydroxy-
protected decane-1,10-diol as nucleophile, we synthesized
4-(10-tetrahydropyranyldecyloxy)phthalonitrile (3). After de-
protection of the hydroxy group, phthalonitrile 4 bearing a
hydroxy group was obtained (Scheme 1). In phthalocyanine
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Scheme 1. Synthesis route to phthalonitrile 4.


chemistry, solubility is a key factor that should be considered
carefully. Here we chose 4-tert-butylphthalonitrile (5) as the
other starting material, because the tert-butyl group can
greatly enhance the solubility of the compound. The synthetic
route to phthalocyanines is shown in Scheme 2. The reaction
of phthalonitriles 4 and 5 (1:3) was carried out in n-pentanol in
the presence of lithium pentoxide according to the literature
method.[1] Due to the difference in polarity, the desired
monohydroxy phthalocyanine was easily separated from the
major product tetra-tert-butylphthalocyanine. The method
developed by Cook[20] was used to convert the hydroxy
phthalocyanine to the mercaptophthalocyanine. After mesy-
lation of the hydroxy group, the methanesulfonyl group then
reacted with thiourea to form the isothiouronium salt.
Hydrolysis of the isothiouronium salt by base in situ afforded
the mercaptophthalocyanine 8. The disulfide 9 was separated
as a byproduct.


Characterization : Phthalocyanines 8 and 9 were characterized
by 1H NMR spectroscopy, MALDI-TOF MS and UV/visible


spectrometry. The 1H NMR spectra of the mercaptophthalo-
cyanine 8 and the corresponding disulfide 9 are similar.
Protons on aliphatic carbons (� from ca. 0.5 to 2.1 ppm) that
indirectly link to O or S atoms appear as several overlapping
multiple peaks, protons on carbons next to S atoms are
observed at lower field (�� 2.81, 2.82 ppm for 8 and 9,
respectively), protons on carbons next to the more electro-
negative O atoms shift to about �� 4 (�� 4.06, 3.99 ppm for 8
and 9, respectively), and aromatic protons appear at the
lowest field as multiple peaks. But there is a difference. The
signal for the NH protons at the center of the macrocycle of
phthalocyanine 8 appears as a broad band centered at ��
�2.95 ppm, while in the disulfide 9, the corresponding signal
is centered at ���3.14 ppm. This means that there is a
stronger shielding effect in the disulfide than in the mercap-
tophthalocyanine, and as a result the signal shifts to higher
field. This probably comes from the intramolecular interac-
tion of the two macrocycles of compound 9. However, it is
insufficient to allow the two compounds to be distinguished,
because the SH proton could not be assigned. However, they
can be clearly distinguished from each other by their MALDI-
TOF mass spectra. Mercaptophthalocyanine 8 shows a parent
ion peak at 870.8 [M�], while disulfide 9 shows a parent plus
one peak at 1740.0 [M��1]. The UV/visible spectra of 8 and 9
are almost the same except in intensity (Figure 1). This is


Figure 1. UV/visible spectra in CHCl3 of 8 (1.0� 10�5 molL�1; ––) and 9
(9.8� 10�6 molL�1; - - - -).


reasonable when one considers the fact that the two macro-
cycles of the disulfide are linked by a long �-bond chain
consisting of two oxygen atoms, twenty carbon atoms, and two
sulfur atoms. The distance between the two macrocycles is so
great that the interaction between them is weak and has
negligible influence on the electron structure. From the UV/
visible spectra, we can also see that the aggregation tendency
of the two compounds is very high. Even at low concentration
(1.0� 10�6 molL�1 and 9.8� 10�7 molL�1 for 8 and 9, respec-
tively), they appear primarily as dimers[1] as shown in the
Q-band of their UV/visible spectra; and the spectra have no
significant difference from those measured at higher concen-
tration (1.0� 10�5 molL�1 and 9.8� 10�6 molL�1 for 8 and 9,
respectively).
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Self-assembly : That thiols and disulfides can form self-
assembled monolayers on gold substrates has long been
established.[5] In this paper, we study the self-assembly
behavior of phthalocyanine derivatives 8 and 9. Both of them
can form self-assembled monolayers on gold substrates. The
gold substrates were immersed in solutions of compounds 8
and 9 in chloroform (6.7� 10�5 molL�1 and 2.9� 10�5 molL�1,
respectively) for 24 h. Then the substrates were washed
thoroughly with chloroform to remove unbound phthalocya-
nine molecules. After that the substrates were dried in a
stream of nitrogen.


UV/visible spectra of the self-assembled monolayers were
obtained by using references prepared by immersing gold
substrates in pure solvent. The UV/visible spectra of the self-
assembled monolayers of 8 and 9 are shown in Figure 2. Both
of them show the characteristic Q-band associated with
phthalocyanine molecules in the spectra. The Q-bands are
broadened and blue-shifted relative to those observed in
solution (Figure 1). Such phenomena are also observed by
other authors.[8, 9] XPS analysis shows direct evidence for the
formation of the self-assembled monolayers. The C1s and S2p


spectra of 8 and 9 SAMs on
gold are presented in Figure 3.
The S2p peaks clearly suggest
that the major sulfur species
present is a thiolate (RSAu).
They appear at approximately
the same position (161.70 eV).
This value is nearly the same as
those for gold thiolates report-
ed by others.[21±24] No evidence
of unbound thiols is ob-
served.[21±24]


Primary results of SAMs in
LEDs: Figure 4 illustrates the
current ± voltage (I ±V) and lu-
minance ± voltage (L ±V) char-
acteristics of a ITO/Au/TPD/
Alq3/Al device with and with-
out a SAM. It can be seen that
both the I ±V and L ±V curves
of the device with the SAM
demonstrate remarkable im-
provements on the device with-
out the SAM. The turn-on vol-
tages are lowed from 17.4 V to
13.8 V for the current and
from 12.9 V to 8.3 V for
the luminance. Running at
10 mA, the brightness for ITO/
Au-SAM/TPD/Alq3/Al reaches
1250 cdm�2, but only 40 cd m�2


for ITO/Au/TPD/Alq3/Al.
Since the same fabrication con-
ditions were imposed, it seems
that the SAMs play an impor-
tant role in the charge injection
process of the device. SAMs


have been reported to influence the work function of metal
substrates and charge injection at electrodes.[25] In the device
with the SAM, the coated SAM might change the work
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Scheme 2. Synthesis route to phthalocyanines 8 and 9.


Figure 2. Visible absorption (Q-band) spectra of SAMs of 8 and 9.
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function of the Au substrate and promote the hole-injection
process from the anode. Campbell and co-workers[25] studied
the influence of SAMs of two conjugated thiols on the charge-
injection process at electrodes, and found that the conjugated
thiol (HS(C6H4C2)2C6H4-H) SAM retarded the hole injection
from the anode. In contrast to their results, the SAMs of
phthalocyanine promote hole injection from the anode
because phthalocyanine is recognized as a p-type material,
due to its richness in delocalized macrocyclic �-electrons, and
has been used widely as a hole injection/transport layer in
LEDs.[10±11, 26±28]


Conclusion


Mercaptophthalocyanine 8 and its disulfide 9 have been
synthesized by converting the hydroxy group of hydroxyph-
thalocyanine 6 to a mercapto group. Hydroxyphthalocyanine
6 was synthesized by a general method, first nucleophilic
substitution of the nitro group of phthalonitrile 2 by a
protected alcohol and subsequent deprotection; then mixed
condensation of phthalonitrile 4 and 5 in a ratio of 1:3.
Because of the difference in polarity, the desired hydroxyph-
thalocyanine 6 was easily separated from the major product
tetra-tert-butylphthalocyanine. The phthalocyanines were
characterized by 1H NMR, MALDI-TOF-MS and UV/visible
spectrometry. Both the mercaptophthalocyanine 8 and its
disulfide 9 can form self-assembled monolayers on gold
substrates. Q-bands characteristic of phthalocyanines were
observed in the UV/visible spectra of the self-assembled
monolayers. XP spectra of the self-assembled monolayers
were also obtained. S2p peaks were observed at a binding


energy (BE) of 161.70 eV, which is in accord with those of
thiolate (RSAu) S species. UV-visible spectra and XPS both
proved the formation of the self-assembled monolayers. The
SAM has been applied to LED device, lowered turn-on
voltages and enhanced brightness were observed.


Experimental Section


Materials : All reactions were carried out under an atmosphere of nitrogen.
4-Nitrophthalonitrile and 4-tert-butylphthalonitrile were purchased from
Tokyo Kasei Kogyo Co., Ltd. and used as received. Tetrahydrofuran was
distilled from Na benzophenone under nitrogen. Other solvents were dried
over 4 ä molecular sieves and distilled prior to use.


Instrumentation : 1H NMR spectra were obtained on a Varian Unity200
NMR Spectrometer or Bruker dmx300 NMR Spectrometer. UV/visible
spectra were measured by using a Hitachi Model U-3010 spectrophotom-
eter. MS spectra (MALDI-TOF-MS) were determined on a Bruker
BIFLEXIII Mass Spectrometer. The XPS measurements were performed
on an EscaLab 220-IXL spectrometer with an AlK� X-ray source mono-
chromatized at 1486.6 eV. The radiation was generated at 20 mA and 15 kV
under UHV at 2� 10�7 Pa. High-resolution spectra were acquired with an
analyzer pass energy of 40 eV. All spectra were recorded at a takeoff angle
of 90� with response to the sample plane. EL spectra were recorded on a
Hitachi F-4500 Fluorescence Spectrophotometer with the LED device
forward biased. The power of EL emission was measured by using a
Newport 2835-C multifunction optical meter. Current voltage character-
istics were measured with a Hewlett Packard 4140B semiconductor


Figure 3. The XP spectra of SAMs of 8 and 9 on Au. A) C1s XP spectrum
of 8; B) C1s XP spectrum of 9; C) S2p XP spectrum of 8; D) S2p XP
spectrum of 9.


Figure 4. Current-voltage (a) and luminance-voltage (b) curves of the
ITO/Au/TPD/Alq3/Al LED with and without SAM.
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parameter analyzer. All the measurements were performed under ambient
atmosphere at room temperature.


Synthesis


Synthesis of decane-1,10-diol monotetrahydropyranyl ether (1): A mixture
of decane-1,10-diol (41.8 g, 240 mmol), p-toluene sulfuric acid monohy-
drate (0.8 g, 4 mmol), dihydropyran (2.0 g, 24 mmol) in THF (380 mL) was
stirred at room temperature for 24 h. The resulting mixture was diluted
with ether (500 mL), washed with saturated aqueous potassium carbonate
solution and dried with anhydrous potassium carbonate. After the solvent
had been removed, the remaining white solid was extracted with petroleum
ether 60 ± 90. Upon removal of the solvent, 6.0 g (97% yield) of 1 was
obtained as a light yellow oil. 1H NMR (200 MHz, CDCl3) �� 1.30 (m,
12H), 1.56 (m, 6H), 1.80 (m, 4H), 3.32 ± 3.56 (m, 2H), 3.63 (t, 2H), 3.71 ±
3.93 (m, 2H), 4.59 (t, 1H).


Synthesis of 4-[10-(tetrahydropyran-2-yloxy)-decyloxy]-phthalonitrile (3):
A mixture of 4-nitrophthalonitrile (2) (4.0 g, 23 mmol), decane-1,10-diol
monotetrahydropyranyl ether (1) (6.0 g, 23 mmol) and anhydrous potas-
sium carbonate (10.0 g, 72 mmol) in DMF (120 mL) was stirred at 60 �C
over night. The solvent was removed under reduced pressure. The residue
was dissolved with dichloromethane, filtered and purified by column
chromatography (silica gel) with dichloromethane as eluant. The product 3
was obtained (8.6 g, 97% yield). 1H NMR (200 MHz, [D6]acetone) ��
1.33 ± 1.52 (m, 18H), 1.82 (m, 4H), 3.38 (m, 2H), 3.70 (m, 2H), 4.22 (t, 2H),
4.55 (m, 1H), 7.43 (dd, 1H), 7.60 (d, 1H), 7.94 (d, 1H).


Synthesis of 4-(10-hydroxydecyloxy)phthalonitrile (4): Phthalonitrile 3
(7.0 g, 18.2 mmol) and p-toluenesulfonic acid (PTSA) (0.35 g, 1.8 mmol)
were dissolved in ethanol (140 mL). The resulting solution was stirred at
50 �C for 12 h. After removal of the solvent, the residue was purified by
column chromatography (silica gel) with dichloromethane as eluant.
Phthalonitrile 4 (3.2 g, 59% yield) was obtained as a light yellow solid.
1H NMR (300 MHz, [D6]acetone) �� 1.32 (m, 10H), 1.58 (m, 4H), 1.86 (m,
2H), 3.51 (t, 2H), 4.22 (t, 2H), 7.46 (dd, 1H), 7.61 (d, 1H), 7.96 (d, 1H). EI-
MS m/z (intensity): 300 [M��1], 270 (3.6), 83 (26.5), 69 (56.3), 55 (100);
elemental analysis calcd (%) for C18H24N2O2: C 71.97, H 8.05, N 9.33;
found: C 72.19, H 8.11, N 9.39.


Synthesis of 2,9,16-tri(tert-butyl)-23-(10-hydroxydecyloxy)phthalocyanine
(6): 4-tert-butylphthalonitrile (5) (1.8 g, 10.0 mmol) and phthalonitrile 4
(1.0 g, 3.3 mmol) were added to n-pentanol (30 mL), and the mixture was
brought to reflux. Then lithium metal (0.7 g, 0.1 mmol) was added in small
portions. The reaction was continued for 6 h. After cooling, acetic acid
(40 mL) was added, and the mixture was stirred for another 30 min. The
solvents were removed under reduced pressure. The black residue was
washed with methanol, and a black solid was obtained. The solid was
further purified by column chromatography (silica gel) with chloroform as
eluant. The first band proved to be tetra-tert-butyl phthalocyanine. Then
the second band was collected. Upon removal of the solvents, the desiring
product was obtained as a shining purple solid (230 mg, 8% yield). 1HNMR
(300 MHz, C6D6) �� 0.54 ± 2.03 (m, 43H), 3.53 (m, 2H), 4.03 (m, 2H),
6.97 ± 9.75 (m, 12H); MALDI-TOF-MS: m/z calcd. for C54H62N8O2 854.50,
found 854.85 [M�]; UV/visible (in chloroform): �max (log�)� 703 (2.534),
666 (2.171), 646 (0.909), 605 (0.515), 343 (1.355).


Synthesis of 2,9,16-tri(tert-butyl)-23-(10-methanesulfonyloxydecyloxy)
phthalocyanine (7): Triethylamine (20 drops) and methane sulfonyl
chloride (10 drops) were added with stirring to an ice-cooled solution of
6 (40 mg, 46.8 �mol) in dichloromethane (20 mL). The mixture was allowed
to warm to room temperature, and stirring was continued for 30 min. Then
the resulting solution was washed with water and dried with anhydrous
magnesium sulfate. The product was purified by column chromatography
(silica gel) with chloroform as eluant. Compound 7 was obtained as a black
blue solid (42 mg, 96% yield).


Synthesis of 2,9,16-tri(tert-butyl)-23-(10-mercaptodecyloxy)phthalocyanine
(8) and its disulfide (9): A solution of phthalocyanine 7 (42 mg, 45 �mol) in
THF (20 mL) and ethanol (6 mL) was brought to reflux. Then thiourea
(20 mg, 0.26 mmol) was added. The reaction was monitored by TLC. After
the all of the starting material was consumed, aqueous sodium hydroxide
solution (20%, 4 mL) was added. When the reaction was complete (TLC),
the resulting mixture was poured into a mixture of dilute hydrochloride
acid and ice and extracted with chloroform. The organic phase was
separated and dried with anhydrous magnesium sulfate, then purified by
column chromatography with chloroform/petroleum ether 30 ± 60 (1:1) as


eluant. The first band developed was mercaptophthalocyanine 8, after
removal of the solvents, a blue-black solid was obtained (26 mg, 66%
yield). The second band afforded disulfide phthalocyanine 9 (5 mg, 13%
yield) as a blue-black solid.


Data for 8 : 1H NMR (300 MHz, C6D6) ���2.95 (br, 2H), 0.51 ± 2.08 (m,
43H), 2.81 (m, 2H), 4.06 (m, 2H), 6.99 ± 9.27 (m, 12H); MALDI-TOF-MS:
m/z calcd. for C54H62N8OS 870.48, found 870.8 [M�]; UV/vis (in chloro-
form): �max (log�)� 702 (0.558), 665 (0.754), 643 (0.682), 339 (0.804).


Data for 9 : 1H NMR (300 MHz, C6D6) ���3.14 (br, 4H), 0.54 ± 1.95 (m,
86H), 2.82 (m, 4H), 3.99(m, 4H), 7.00 ± 9.31 (m, 24H); MALDI-TOF-MS:
m/z calcd. for C108H122N16O2S2 1738.94, found 1740.0 [M��1]; UV/vis (in
chloroform): �max (log�)� 702 (0.859), 665 (1.214), 643 (1.135), 339 (1.328).


SAM preparation : Quartz slides were washed with chloroform and
immersed in a solution of potassium hydroxide in deionized water
(100 mL) and methanol (250 mL) for 12 h. Then the quartz slides were
washed thoroughly with deionized water and dried in a steam of nitrogen.
The gold substrates were prepared by thermal evaporation of a layer of
gold onto freshly cleaned quartz slides that had been precoated with a
chromium adhesion layer. For UV/visible characterization, 5 nm of
chromium was deposited onto the cleaned quartz slides followed by an
8 nm gold layer. For XPS experiments, an �500 nm gold layer was
deposited onto the cleaned quartz slides. Phthalocyanine SAMs were
prepared by immersing gold substrates in phthalocyanine solutions in
chloroform (6.7� 10�5 molL�1 and 2.9� 10�5 molL�1 for 8 and 9, respec-
tively) for 24 h. Reference for UV/visible measurements were prepared by
immersing corresponding substrates in pure chloroform for 24 h. Then the
substrates were washed thoroughly with chloroform and dried in a stream
of nitrogen.


Fabrication of the LED : A double-layer light-emitting diode was fabricated
by using Al as cathode, SAM-coated Au (which was prepared by thermal
evaporation of �50 nm Au onto ITO glass that had been precoated with a
5 nm Cr adhesion layer) as anode, tris(8-hydroxyquinolinato)aluminium
(Alq3) as emissive and electron-transporting layer and N,N�-diphenyl-N,N�-
bis(3-methylphemyl)-1,1�-biphenyl-4,4�-diamine (TPD) as hole-transport-
ing layer. Alq3, TPD and the Al electrode were deposited at a pressure
below 10�5 Torr. The active area of the device was about 7 mm2.
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Catalytic Enantioselective Addition of Propionate Units to Imines:
An Efficient Synthesis of anti-�-Methyl-�-Amino Acid Derivatives


Shu≈ Kobayashi,* Jun Kobayashi, Haruro Ishiani, and Masaharu Ueno[a]


Abstract: Optically active anti-�-methyl-�-amino acid derivatives have been pre-
pared based on catalytic enantioselective addition of propionate units to simple and
inert imines using a chiral zirconium complex. High reactivity and selectivity with
wide substrate scope were attained by using a new chiral ligand, (R)-6,6�-bis(penta-
fluoroethyl)-1,1�-bi-2-naphthol ((R)-6,6�-C2F5BINOL). The reactions using geometri-
cally isomeric ketene silyl acetals gave excellent anti-selectivity with high enantio-
meric excess in both cases. Synthetic utility of this reaction has been demonstrated by
the preparation of various anti-�-methyl-�-amino acid and trans-3,4-disubstituted �-
lactam derivatives.


Keywords: asymmetric catalysis ¥
�-amino acids ¥ BINOL derivatives
¥ Mannich reactions ¥ zirconium


Introduction


�-Methyl-�-hydroxy units are often observed in biologically
important compounds such as macrolides, polyethers, carbo-
hydrates, and several excellent methods for the preparation of
these units based on asymmetric catalysis have been devel-
oped.[1] On the other hand, the corresponding aza analogues,
�-methyl-�-amino units as shown in Scheme 1, are also
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Scheme 1. �-Methyl-�-hydroxy units and their aza analogues.


observed in nature such as biologically active peptides of
marine origin, for example nodularin,[2] onchidin,[3] majuscu-
lamide C.[4] In addition, these units are potentially valuable
for preparation of peptidomimetics,[5] and have also success-
fully been used as intermediates for synthesis of substituted �-
lactams,[6] which are candidates for pharmaceutically active
compounds. However, examples of catalytic enantioselective
methods for the preparation of these units have been
limited.[7±12] In this paper, we describe an efficient asymmetric


synthesis of �-methyl-�-amino acid derivatives based on
catalytic enantioselective Mannich reactions of simple imines
with propionate units using a chiral zirconium complex.


Results and Discussion


We first tested the reaction of aldimine 2a with ketene silyl
acetal 3(E) in the presence of 10 mol% chiral zirconium
catalyst 1a, which was prepared from Zr(OtBu)4, (R)-6,6�-
dibromo-1,1�-bi-2-naphthol ((R)-6,6�-BrBINOL), and N-
methylimidazole (NMI). The catalyst was known to be
effective in similar Mannich reactions of �-unsubstituted, �-
alkoxy, and �,�-dialkylsubstituted ketene silyl acetals with
imines.[13] The reaction proceeded smoothly in dichlorome-
thane at �45 �C to afford the corresponding �-methyl-�-
amino ester 4a in 94% yield with high anti-selectivity;
however, the enantiomeric excess of the anti-adduct was
proven to be less than 50% (Table 1, entry 1). When the
reaction was carried out at �78 �C, a slight increase in
enantioselectivity was observed (66% ee), albeit the yield and
diastereoselectivity were decreased.


To improve both reactivity and selectivity, we then searched
for more efficient ligands in this reaction. In previous
investigations, we have revealed that introduction of two
halogen atoms at the 6,6�-positions of BINOL derivatives was
very effective; namely, Lewis acidity of the zirconium was
increased by introducing electron-withdrawing groups at the
6,6�-positions of BINOLs.[13c] As one of the strongest electron-
withdrawing groups, we chose a pentafluoroethyl group, so
that (R)-6,6�-bis(pentafluoroethyl)-1,1�-bi-2-naphthol ((R)-
6,6�-C2F5BINOL) was designed as a new chiral ligand. The


[a] Prof. Dr. S. Kobayashi, J. Kobayashi, Dr. H. Ishiani, Dr. M. Ueno
Graduate School of Pharmaceutical Sciences
The University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113-0033 (Japan)
Fax: (�81)3-5684-0634
E-mail : skobayas@mol.f.u-tokyo.ac.jp
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reaction of 2a with 3(E) was performed using 10 mol% of
new catalyst 1b prepared from Zr(OtBu)4, (R)-6,6�-C2F5BI-
NOL, and NMI. It was found that catalyst 1b showed
significantly higher enantioselectivity (84% ee) at �45 �C
compared with catalyst 1a, and finally, the best result (96%
yield, syn/anti 4:96, anti 95% ee) was obtained when the


O


O O


O
Zr


X


X


X


X


NMI


NMI


1a: X = Br
1b: X = C2F5


reaction was carried out at�78 �C (entry 4).[14] It is noted that
the introduction of the pentafluoroethyl group increases not
only reactivity but also diastereo- and enantioselectivity of the
reaction.[15] In addition, it was interesting from a mechanistic
point of view that the reaction using geometrically isomeric
ketene silyl acetal 3(Z) also gave excellent anti-selectivity, and
that the enantiomeric excess of the anti-adduct was 83%
(entry 5).


We then examined reactions of other aldimines, and the
results are summarized in Table 2. In most cases, the reactions
proceeded smoothly to give the desired �-methyl-�-amino
esters in good yields with high anti-selectivity and excellent
enantioselectivity.[16] Catalyst 1b was effective in the reactions
of not only aromatic imines but also aliphatic imines. It is
noted that in some cases better yields and selectivity were
obtained in the presence of 10 mol% of NMI (entries 2, 4, 6 ±
9). In the reactions of aliphatic substrates, aldimines were
prepared in situ from the corresponding aldehydes and
2-amino-m-cresol instead of 2-aminophenol.[13a] It is also
noteworthy that aliphatic substrates gave excellent yields and
selectivity in most cases.


Relative and absolute configurations of the Mannich
adducts were determined after converting to useful �-
methyl-�-amino acid derivatives (Scheme 2). Transesterifica-
tion of the Mannich adduct 4a followed by methylation of the
phenolic OH and deprotection using catalytic AgNO3 in the
presence of excess (NH4)2S2O8


[17] gave �-amino ester 6. The
absolute configuration of 6 was determined to be (2R,3S) by


NH2


Ph OMe


O


NH


Ph


OR1


OR2


O


NH


OH


OR


O
NH


OMe


O
Boc


d)


4a (R1 = H, R2 = Ph)
5   (R1 = Me, R2 = Me)


6


4f (R = Ph)
7  (R = Me)


8


b)


a)


c)


Scheme 2. Conversion of the Mannich adducts to �-methyl-�-amino acid
derivatives. a) 1) K2CO3, MeOH; 2) K2CO3, MeI/acetone, 78% (two
steps); b) AgNO3, (NH4)2S2O8, CH3CN/H2O, 70%; c) K2CO3, MeOH,
95%; d) 1) CAN, CH3CN/H2O; 2) Boc2O, CH2Cl2, 44% (two steps).


comparison of the NMR data and the optical rotation with
those in the literature.[18] On the other hand, Mannich adduct
4 f was also converted to N-Boc-anti-�-methyl-�-amino ester
8 by transesterification and deprotection with cerium ammo-
nium nitrate (CAN)[19] followed by Boc protection of the
amino group. The absolute stereochemistry was established to
be (2R,3R) by comparison of the NMR data and the optical
rotation with those of the authentic sample prepared from
Boc-�-leucine.[5b]


Finally, to demonstrate the synthetic utility of this Mannich
reaction, we performed asymmetric synthesis of anti-�-
methyl-�-amino acid and �-lactam derivatives, which are
included in biologically important natural products. As shown
in Scheme 3, the reaction of the aldimine prepared from
5-hexynal (9) and 2-amino-m-cresol with ketene silyl acetal
3(E) gave the desired Mannich adduct 10 in 93% yield and
high stereoselectivity (syn/anti 7:93, anti 97% ee). Trans-
esterification of 10 followed by isolation of a single diaste-
reoisomer and deprotection of the amino group with CAN[19]


Table 1. Catalytic diastereo- and enantioselective Mannich reaction of
aldimine 2a with ketene silyl acetal 3(E).


N


HO


HPh
OPh


OSiMe3 NH


Ph OPh


OH


O


+


3(E)[a]


CH2Cl2, 24-40 h


catalyst 1 (10 mol%)


2a 4a


X T [�C] Yield [%] dr (syn/anti) ee (anti) [%]


1 Br � 45 94 9/91 47
2 Br � 78 52 13/87 66
3 C2F5 � 45 92 7/93 84
4 C2F5 � 78 96 4/96 95
5[b] C2F5 � 78 quant. 1/99 83


[a] E/Z 96:4. [b] 3(Z) (E/Z 22:78) was used.


Table 2. Catalytic diastereo- and enantioselective Mannich reactions of
various aldimines 2a ± i with ketene silyl acetal 3(E).


N


HO


HR1
OPh


OSiMe3 NH


R1 OPh


OH


O


R2 R2+
CH2Cl2, 24-40 h


catalyst 1b (10 mol%)


2a-e (R2 = H)
2f-i   (R2 = Me)


3(E) 4a-e (R2 = H)
4f-i   (R2 = Me)


R1 T [�C] Yield [%] dr (syn/anti) ee (anti) [%]


1 Ph (2a) � 78 96 4/96 95
2[a] p-ClPh (2b) � 78 81 5/95 87
3 o-MePh (2c) � 45 81 6/94 84
4[a] 1-naphthyl (2d) � 78 78 7/93 80
5 2-furyl (2e) � 45 91 29/71 85
6[a,b] iC4H9 (2 f) � 45 88 11/89 96
7[a,b] nC5H11 (2g) � 45 87 8/92 93
8[a,b] TBSO(CH2)2 (2h) � 45 93 2/98 93
9[a,b] c-C6H11 (2 i) � 20 54 23/77 90


[a] 10 mol% of NMI was used. [b] The aldimine was prepared from the
corresponding aldehyde and 2-amino-m-cresol in situ in the presence of
MgSO4.
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afforded (2R,3R)-methyl 3-amino-2-methyl-7-octynoate
(AMO methyl ester) (12).[20] A new �-amino acid, AMO, is
one of the units of onchidin,[3] a cytotoxic cyclic depsipeptide
from marine mollusc.


NH


OMe


O


OH


c)NH2


OMe


O


b)


O


H OPh


OSiMe3
OH


NH2


NH


OPh


O


OH


++


a)


9 3(E)


11
12


10: 93% yield, syn/anti 7:93
97% ee (anti)


Scheme 3. Synthesis of (2R,3R)-AMO methyl ester. a) catalyst 1b
(10 mol%), MgSO4, CH2Cl2, �45 �C, 24 h; b) K2CO3, MeOH, 91%;
c) CAN, CH3CN/H2O, 54%.


Furthermore, the Mannich reaction of 3-benzyloxypropa-
nal (13), 2-amino-m-cresol, and ketene silyl acetal 14(E)
derived from phenyl butanoate also proceeded smoothly in
high yield and high diastereo- and enantioselectivity
(Scheme 4). Deprotection of the Mannich adduct 15 and
isolation of an anti-isomer gave �-amino ester 16, which was
cyclized smoothly using lithium diisopropylamide (LDA)[21]


followed by cleavage of O-benzyl bond with Pd(OH)2/C
under hydrogen atmosphere to afford (3R,4R)-�-lactam 18.[22]


Since 18 has previously been converted to carbapenem
antibiotic (�)-PS-5,[23, 24] this method provides a highly
efficient asymmetric synthetic route to (�)-PS-5.


O


H
OPh


OSiMe3OH


NH2BnO


NH


OPh


O


BnO


OH


b)
NH2


OPh


O


BnO
HN


O


BnO
H H


HN
O


HO
H H


N
O


CO2H


S
NHAc


HH


++


15: 89% yield, syn/anti  4:96
97% ee (anti)


c)


(+)-PS-5


d)


13 14(E)


16 17


18


a)


Scheme 4. Formal synthesis of the antibiotic (�)-PS-5. a) catalyst 1b
(10 mol%), MgSO4, CH2Cl2, �45 �C, 24 h; b) CAN, CH3CN/H2O, 78%;
c) LDA, THF, 55%; d) Pd(OH)2/C, H2, EtOH, 82%.


Conclusion


In summary, we have developed an efficient method for the
preparation of anti-�-methyl-�-amino acid derivatives based
on highly diastereo- and enantioselective Mannich reactions
using a novel chiral zirconium catalyst. This is indeed the first
example of catalytic enantioselective Mannich reactions of
simple and inert aldimines with propionate units, while many
examples of catalytic enantioselective aldol reactions of
aldehydes with propionate units have been developed. It is
noted that several interesting features have been revealed in
this novel aldimine ± propionate condensation compared with
aldehyde ± propionate condensations. Synthetic utility of this
reaction has been demonstrated for the preparation of various
anti-�-methyl-�-amino acid and trans-3,4-disubstituted �-
lactam derivatives, which are included in biologically impor-
tant compounds. This procedure will also be applied to
synthesis of nitrogen-containing analogues of �-methyl-�-
hydroxy units, which are important components of macrolide
antibiotics derived from propionyl-CoA.


Experimental Section


General : Melting points were uncorrected. Optical rotations were recorded
on a JASCO P-1010 digital polarimeter. IR spectra were recorded on a
JASCO FT/IR-610 infrared spectrometer. 1H and 13C NMR spectra were
recorded on a JEOL JNM-LA300, JNM-LA400, or JNM-LA500 spec-
trometer in CDCl3. Tetramethylsilane (TMS) served as internal standard
(�� 0) for 1H NMR, and CDCl3 was used internal standard (�� 77.0) for
13C NMR. High performance liquid chromatography (HPLC) was carried
out using following apparatuses: liquid chromatograph SHIMADZU LC-
10AT, UV-VIS detector SHIMADZU SPD-10A, and chromatopac SHI-
MADZU C-R6A or C-R8A. Column chromatography was performed on
Silica gel 60 (Merck) and preparative thin-layer chromatography was
carried out using Wakogel B-5F. Dichloromethane was distilled from P2O5,
then from CaH2, and dried over MS 4 ä. Aldimines of aromatic aldehydes
and heteroaromatic aldehydes were prepared from the corresponding
aldehyde and 2-aminophenol by usual methods. The crude aldimines were
recrystallized from ethanol to give the pure materials. Ketene silyl acetals
3(E),[25] 3(Z),[26] and 14(E)[25] were prepared according to the literature. All
other solvents and chemical compounds were purified based on standard
procedures.


Diastereo- and enantioselective Mannich reactions of aromatic imines with
ketene silyl acetals using a chiral zirconium catalyst : A typical experimen-
tal procedure is described for the reaction of aldimine 2a with ketene silyl
acetal 3(E). Zr(OtBu)4 (0.04 mmol) in dichloromethane (0.25 mL) and N-
methylimidazole (0.08 mmol) in dichloromethane (0.25 mL) were added at
room temperature to a solution of (R)-6,6�-bis(pentafluoroethyl)-1,1�-bi-2-
naphthol (0.088 mmol) in dichloromethane (0.5 mL). The mixture was
stirred for 1 h at the same temperature and then cooled to �78 �C.
Dichloromethane solutions (1.5 mL) of 2a (0.4 mmol) and 3(E)
(0.48 mmol) were successively added. The mixture was stirred for 24 h,
and saturated aqueous NaHCO3 was then added to quench the reaction.
The aqueous layer was extracted with dichloromethane, and the crude
adduct was treated with THF/1� HCl (10:1) at 0 �C for 30 min. After a
usual work-up, the crude product was chromatographed on silica gel to give
the desired adduct 4a. The diastereomer ratio was determined by 1H NMR
analysis, and the optical purity was determined by HPLC analysis using a
chiral column (see below).


Diastereo- and enantioselective Mannich reactions of aliphatic imines with
ketene silyl acetals using a chiral zirconium catalyst : A typical experimen-
tal procedure is described for the reaction of aldimine 2f with ketene silyl
acetal 3(E). Isovaleraldehyde (0.48 mmol) in dichloromethane (0.4 mL)
was added at room temperature to a mixture of 2-amino-m-cresol
(0.40 mmol) and MgSO4 (200 mg) in dichloromethane (0.2 mL). The
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mixture was stirred for 20 min at the same temperature and then cooled to
�45 �C. A dichloromethane solution (1.0 mL) of catalyst 1b (0.04 mmol)
prepared by the same procedure described above and dichloromethane
solution (0.4 mL) of 3(E) (0.48 mmol) were successively added. The
mixture was stirred for 24 h, and saturated aqueous NaHCO3 was then
added to quench the reaction. The aqueous layer was extracted with
dichloromethane, and the crude product was chromatographed on silica gel
to give the desired adduct 4 f. The diastereomer ratio was determined by
1H NMR analysis, and the optical purity was determined by HPLC analysis
using a chiral column (see below).


(R)-6,6�-Bis(pentafluoroethyl)-1,1�-bi-2-naphthol ((R)-6,6�-C2F5BINOL):
We previously reported that (R)-2,2�-bis(methoxymethyloxy)-6,6�-bis(pen-
tafluoroethyl)-1,1�-binaphthyl (MOM-(R)-6,6�-C2F5BINOL) was prepared
from (R)-2,2�-bis(methoxymethyloxy)-6,6�-diiodo-1,1�-binaphthyl (MOM-
(R)-6,6�-IBINOL).[15b] A saturated HCl methanolic solution (8.0 mL) was
added at 0 �C to a solution of MOM-(R)-6,6�-C2F5BINOL (3.50 g,
5.7 mmol) in CH2Cl2 (5.0 mL). After 30 min the resulting solution was
diluted with water and extracted with CH2Cl2. The combined organic layer
was washed with water and sat. aq. NaHCO3, and dried over Na2SO4. After
evaporation of the solvents the residue was purified by chromatography on
silica gel (hexane/CH2Cl2 1:2) to afford (R)-6,6�-C2F5BINOL (2.87 g, 96%).
[�]19D ��23.2 (c� 1.05, CHCl3); M.p. 87 ± 89 �C; IR (KBr): �� � 3460, 1613,
1478, 1208, 1132 cm�1; 1H NMR (CDCl3): �� 5.28 (s, 2H), 7.21 (d, J�
8.8 Hz, 2H), 7.43 (d, J� 9.1 Hz, 2H), 7.45 (d, J� 8.8 Hz, 2H), 8.06 (d, J�
9.1 Hz, 2H), 8.19 (s, 2H); 13C NMR (CDCl3): �� 110.6, 113.6 (tq, J� 38.3,
253.5 Hz), 119.2 (tq, J� 39.6, 285.9 Hz), 119.3, 124.2 (t, J� 5.7 Hz), 124.5 (t,
J� 24.3 Hz), 124.9, 127.8 (t, J� 6.7 Hz), 128.4, 132.6, 135.0, 154.6; 19F NMR
(283 MHz, CF3COOH: ���76.5, CDCl3): ���114.5 (4F), �84.85 (6F);
elemental analysis calcd (%) for C24H12F10O2: C 55.19, H 2.32; found: C
55.09, H 2.55.


Phenyl 3-(2-hydroxyphenyl)amino-2-methyl-3-phenylpropanoate (4a)
(syn/anti 4 :96): IR (neat): �� � 3420, 3053, 1739, 1604, 1517, 742, 701 cm�1;
1H NMR (CDCl3): anti : �� 1.24 (d, J� 7.0 Hz, 3H), 3.12 (dq, J� 7.0,
8.7 Hz, 1H), 4.55 (d, J� 8.7 Hz, 1H), 6.44 ± 6.69 (m, 4H), 6.98 ± 7.00 (m,
2H), 7.13 ± 7.44 (m, 8H); syn : �� 1.36 (d, J� 7.1 Hz, 3H), 3.24 (dq, J� 6.0,
7.1 Hz, 1H), 4.89 (d, J� 6.0 Hz, 1H), 6.44 ± 6.69 (m, 4H), 6.81 ± 6.83 (m,
2H), 7.13 ± 7.44 (m, 8H); 13C NMR (CDCl3): anti : �� 15.2, 47.0, 61.7, 114.5,
114.9, 118.8, 120.9, 121.5, 126.0, 127.1, 127.7, 128.6, 129.4, 135.0, 140.6, 144.9,
150.5, 174.6; syn : �� 12.4, 46.7, 60.7, 113.2, 114.3, 117.8, 121.2, 121.4, 125.9,
127.1, 127.5, 128.6, 129.3, 135.7, 140.6, 143.7, 150.4, 173.2; HPLC (Daicel
Chiralcel OD-H, hexane/iPrOH 19:1, flow rate� 0.75 mLmin�1): anti : tR�
18.0 min (minor� 2S,3R), tR� 35.4 min (major� 2R,3S); syn : tR� 23.3 min
(minor� 2R,3R), tR� 44.9 min (major� 2S,3S); elemental analysis calcd
(%) for C22H21NO3: C 76.06, H 6.09, N 4.03; found: C 76.14, H 6.27, N 3.98.


Phenyl 3-(4-chlorophenyl)-3-(2-hydroxyphenyl)amino-2-methylpropa-
noate (4b) (syn/anti 5 :95): IR (neat): �� � 3419, 3055, 1739, 1611, 1589,
1515, 740, 689 cm�1; 1H NMR (CDCl3): anti : �� 1.26 (d, J� 7.1 Hz, 3H),
3.08 (dq, J� 7.1, 8.4 Hz, 1H), 4.53 (d, J� 8.4 Hz, 1H), 6.39 ± 6.67 (m, 4H),
6.98 ± 7.01 (m, 2H), 7.14 ± 7.35 (m, 7H); syn : �� 1.32 (d, J� 6.9 Hz, 3H),
3.19 (dq, J� 6.0, 6.9 Hz, 1H), 4.88 (d, J� 6.0 Hz, 1H), 6.39 ± 6.67 (m, 4H),
6.83 ± 6.86 (m, 2H), 7.14 ± 7.35 (m, 7H); 13C NMR (CDCl3): anti : �� 15.1,
46.8, 61.0, 114.6, 114.7, 119.0, 121.0, 121.4, 126.0, 128.3, 128.8, 129.4, 133.3,
134.7, 139.2, 144.7, 150.4, 174.2; syn : �� 12.2, 46.4, 59.5, 114.3, 114.7, 118.0,
121.0, 121.3, 126.0, 128.3, 128.7, 129.4, 133.2, 135.3, 139.1, 143.5, 150.3, 172.9;
HPLC (Daicel Chiralcel OD, hexane/iPrOH 19:1, flow rate�
1.0 mLmin�1): anti : tR� 19.2 min (minor� 2S,3R), tR� 35.4 min (major�
2R,3S); syn : tR� 22.8 min (minor� 2R,3R), tR� 44.0 min (major� 2S,3S);
elemental analysis calcd (%) for C22H20ClNO3: C 69.20, H 5.28, N 3.67;
found: C 69.35, H 5.51, N 3.57.


Phenyl 3-(2-hydroxyphenyl)amino-2-methyl-3-(2-methylphenyl)propa-
noate (4c) (syn/anti 6 :94): IR (neat): �� � 3417, 1735, 1604, 1517, 1425,
741, 688 cm�1; 1H NMR (CDCl3): anti : �� 1.28 (d, J� 7.1 Hz, 3H), 2.34 (s,
3H), 3.15 (dq, J� 7.1, 8.8 Hz, 1H), 4.81 (d, J� 8.8 Hz, 1H), 6.31 ± 6.66 (m,
4H), 6.98 ± 7.00 (m, 2H), 7.11 ± 7.35 (m, 7H); syn : �� 1.33 (d, J� 7.0 Hz,
3H), 2.49 (s, 3H), 3.20 (dq, J� 5.3, 7.0 Hz, 1H), 5.20 (d, J� 5.3 Hz, 1H),
6.31 ± 6.66 (m, 4H), 6.80 ± 6.82 (m, 2H), 7.11 ± 7.35 (m, 7H); 13C NMR
(CDCl3): anti : �� 15.1, 19.5, 46.6, 57.5, 114.6, 115.6, 119.5, 120.7, 121.5,
125.4, 126.0, 126.7, 127.2, 129.4, 130.5, 134.7, 136.0, 139.1, 145.6, 150.4, 174.9;
syn : �� 11.6, 19.2, 44.8, 56.2, 114.4, 115.4, 119.5, 121.2, 121.4, 125.8, 126.2,
126.5, 127.2, 129.3, 130.8, 135.2, 135.7, 138.7, 145.6, 150.5, 173.5; HPLC
(Daicel Chiralcel OD-H, hexane/iPrOH 19:1, flow rate� 0.75 mLmin�1):


anti : tR� 15.5 min (minor� 2S,3R), tR� 29.8 min (major� 2R,3S); syn :
tR� 17.8 min (minor� 2R,3R), tR� 42.9 min (major� 2S,3S); elemental
analysis calcd (%) for C23H23NO3: C 76.43, H 6.41, N 3.88; found: C
76.19, H 6.71, N 3.78.


Phenyl 3-(2-hydroxyphenyl)amino-2-methyl-3-(1-naphthyl)propanoate
(4d) (syn/anti 3 :97): IR (neat): �� � 3420, 3056, 1737, 1610, 1589, 1514,
738, 691 cm�1; 1H NMR (CDCl3): anti : �� 1.38 (d, J� 6.8 Hz, 3H), 3.39
(dq, J� 6.8, 7.1 Hz, 1H), 5.47 (d, J� 7.1 Hz, 1H), 6.30 ± 6.63 (m, 4H), 6.87 ±
7.87 (m, 11H), 8.22 (d, J� 8.3 Hz, 1H); syn : �� 1.21 (d, J� 7.1 Hz, 3H),
3.52 (dq, J� 4.1, 7.1 Hz, 1H), 5.84 (d, J� 4.1 Hz, 1H), 6.30 ± 6.63 (m, 4H),
6.87 ± 7.87 (m, 11H), 8.35 (d, J� 8.5 Hz, 1H); 13C NMR (CDCl3): anti : ��
15.7, 46.6, 56.4, 113.2, 114.3, 117.9, 121.0, 121.5, 122.2, 123.7, 125.5, 125.7,
125.9, 126.4, 128.1, 129.3, 129.3, 131.5, 133.9, 135.4, 136.7, 144.1, 150.3, 174.5;
syn : �� 10.2, 44.3, 55.5, 113.0, 114.3, 117.7, 121.1, 121.6, 122.3, 124.4, 125.5,
125.6, 125.9, 126.6, 128.1, 129.3, 129.4, 130.6, 134.1, 135.6, 136.7, 143.5, 150.7,
173.4; HPLC (Daicel Chiralpak AD, hexane/iPrOH 19:1, flow rate�
1.0 mLmin�1): anti : tR� 43.7 min (minor� 2S,3R), tR� 53.4 min (major�
2R,3S); syn : tR� 28.3 min (minor� 2R,3R), tR� 32.2 min (major� 2S,3S);
elemental analysis calcd (%) for C26H23NO3: C 78.57, H 5.83, N 3.52; found:
C 78.28, H 6.12, N 3.42.


Phenyl 3-(2-furyl)-3-(2-hydroxyphenyl)amino-2-methylpropanoate (4e)
(syn/anti 29 :71): IR (neat): �� � 3412, 1737, 1603, 1515, 1445, 741,
694 cm�1; 1H NMR (CDCl3): anti : �� 1.26 (d, J� 7.1 Hz, 3H), 3.31 (dq,
J� 7.1, 9.0 Hz, 1H), 4.56 (d, J� 9.0 Hz, 1H), 6.15 ± 6.76 (m, 6H), 7.06 ± 7.09
(m, 2H), 7.30 ± 7.40 (m, 4H); syn : �� 1.39 (d, J� 7.1 Hz, 3H), 3.36 (dq, J�
5.9, 7.1 Hz, 1H), 4.96 (d, J� 5.9 Hz, 1H), 6.15 ± 6.76 (m, 6H), 6.93 ± 6.96 (m,
2H), 7.30 ± 7.40 (m, 4H); 13C NMR (CDCl3): anti : �� 14.2, 44.4, 56.1, 108.2,
110.1, 114.6, 114.8, 116.9, 120.5, 121.4, 125.9, 129.4, 134.1, 142.1, 146.4, 150.5,
152.7, 174.3; syn : �� 12.6, 44.2, 54.8, 107.4, 110.2, 114.2, 115.2, 119.0, 121.0,
121.4, 125.8, 129.3, 135.2, 141.9, 144.6, 150.5, 153.7, 173.0; HPLC (Daicel
Chiralpak AD (double), hexane/iPrOH 9:1, flow rate� 0.80 mLmin�1):
anti : tR� 33.4 min (major� 2R,3S), tR� 39.2 min (minor� 2S,3R); syn :
tR� 31.4 min (major� 2S,3S), tR� 44.8 min (minor� 2R,3R); elemental
analysis calcd (%) for C20H19NO4: C 71.20, H 5.68, N 4.15; found: C 70.91,
H 5.98, N 4.09.


Phenyl 2,5-dimethyl-3-(2-hydroxy-6-methylphenyl)aminohexanoate (4 f)
(syn/anti 9 :91): IR (neat): �� � 3369, 2953, 2868, 1740, 1590, 1492, 740,
689 cm�1; 1H NMR (CDCl3): anti : �� 0.85 (d, J� 6.6 Hz, 3H), 0.87 (d, J�
6.3 Hz, 3H), 1.38 (d, J� 7.1 Hz, 3H), 1.40 ± 1.49 (m, 1H), 1.62 ± 1.76 (m,
1H), 2.29 (s, 3H), 2.85 (dq, J� 5.7, 7.1 Hz, 1H), 3.77 (dt, J� 5.7, 7.3 Hz, 1H),
6.66 ± 7.39 (m, 8H); syn : �� 0.88 (d, J� 6.3 Hz, 3H), 0.92 (d, J� 6.6 Hz,
3H), 1.34 (d, J� 7.3 Hz, 3H), 1.40 ± 1.49 (m, 1H), 1.62 ± 1.76 (m, 1H), 2.28
(s, 3H), 2.93 (dq, J� 2.8, 7.3 Hz, 1H), 3.69 (dt, J� 2.8, 6.8 Hz, 1H), 6.66 ±
7.39 (m, 8H); 13C NMR (CDCl3): anti : �� 13.2, 18.4, 22.4, 23.2, 25.1, 43.3,
44.2, 56.0, 113.4, 121.4, 122.5, 123.1, 125.9, 129.4, 130.7, 132.5, 149.8, 150.5,
175.0; syn : �� 10.9, 18.2, 22.5, 22.9, 25.1, 41.1, 41.8, 56.1, 113.6, 121.4, 122.2,
124.1, 126.0, 129.4, 131.4, 132.4, 150.5, 151.4, 174.7; HPLC (Daicel
Chiralpak AD (double), hexane/iPrOH 9:1, flow rate� 0.80 mLmin�1):
anti : tR� 17.9 min (minor� 2S,3S), tR� 19.2 min (major� 2R,3R); syn :
tR� 20.5 min (major� 2S,3R), tR� 31.8 min (minor� 2R,3S); elemental
analysis calcd (%) for C21H27NO3: C 73.87, H 7.97, N 4.10; found: C 74.10, H
7.78, N 4.26.


Phenyl 3-(2-hydroxy-6-methylphenyl)amino-2-methyloctanoate (4g) (syn/
anti 9 :91): IR (neat): �� � 3368, 2930, 2857, 1742, 1590, 1492, 741, 689 cm�1;
1H NMR (CDCl3): anti : �� 0.86 (t, J� 6.8 Hz, 3H), 1.17 ± 1.58 (m, 8H),
1.40 (d, J� 7.1 Hz, 3H), 2.27 (s, 3H), 2.88 (dq, J� 6.8, 7.1 Hz, 1H), 3.55 ±
3.61 (m, 1H), 6.66 ± 7.39 (m, 8H); syn : �� 0.86 (t, J� 6.8 Hz, 3H), 1.17 ±
1.58 (m, 8H), 1.36 (d, J� 7.3 Hz, 3H), 2.28 (s, 3H), 2.97 (dq, J� 2.9, 7.3 Hz,
1H), 3.55 ± 3.61 (m, 1H), 6.66 ± 7.39 (m, 8H); 13C NMR (CDCl3): anti : ��
13.9, 14.2, 18.2, 22.5, 24.7, 32.0, 32.0, 43.6, 58.2, 113.6, 115.3, 121.4, 122.2,
123.5, 125.9, 129.4, 131.0, 132.3, 150.5, 175.6; syn : �� 10.7, 13.9, 18.1, 22.5,
26.4, 31.7, 31.8, 41.6, 58.3, 113.4, 117.5, 121.4, 122.1, 124.3, 126.0, 129.4, 131.3,
132.6, 151.7, 174.7; HPLC (Daicel Chiralcel OD-H (double), hexane/iPrOH
19:1, flow rate� 0.40 mLmin�1): anti : tR� 41.7 min (major� 2R,3R), tR�
45.0 min (minor� 2S,3S); syn : tR� 38.8 min (major� 2S,3R), tR� 48.1 min
(minor� 2R,3S); elemental analysis calcd (%) for C22H29NO3: C 74.33, H
8.22, N 3.94; found: C 74.13, H 8.49, N 4.16.


Phenyl 5-tert-butyldimethylsiloxy-3-(2-hydroxy-6-methylphenyl)amino-2-
methylpentanoate (4h) (syn/anti 2 :98): IR (neat): �� � 3369, 2936, 2863,
1746, 1590, 1469 cm�1; 1H NMR (CDCl3): anti : �� 0.08 (s, 3H), 0.09 (s,
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3H), 0.91 (s, 9H), 1.37 (d, J� 7.1 Hz, 3H), 1.63 ± 1.71 (m, 1H), 1.84 ± 1.92
(m, 1H), 2.30 (s, 3H), 2.92 (dq, J� 5.7, 7.1 Hz, 1H), 3.78 ± 3.83 (m, 1H),
3.86 ± 3.96 (m, 2H), 6.65 ± 7.38 (m, 8H); syn : �� 0.10 (s, 3H), 0.11 (s, 3H),
0.91 (s, 9H), 1.30 (d, J� 7.3 Hz, 3H), 1.69 ± 1.76 (m, 1H), 1.84 ± 1.92 (m,
1H), 2.30 (s, 3H), 2.99 (dq, J� 2.7, 7.3 Hz, 1H), 3.78 ± 3.83 (m, 1H), 3.93 ±
4.03 (m, 2H), 6.65 ± 7.38 (m, 8H); 13C NMR (CDCl3): anti : ���5.5, �5.4,
13.4, 18.3, 18.4, 25.9, 34.1, 43.7, 55.4, 60.4, 114.0, 121.4, 122.1, 123.3, 125.8,
129.3, 130.9, 132.4, 150.4, 150.5, 174.7; syn : ���5.4, �5.4, 12.8, 18.3, 18.3,
25.9, 33.2, 42.4, 56.6, 60.7, 113.9, 121.4, 121.9, 123.9, 126.0, 129.4, 131.7, 132.1,
150.4, 150.4, 174.0; HPLC (Daicel Chiralcel OD-H, hexane/iPrOH 100:1,
flow rate� 1.0 mLmin�1): anti : tR� 24.2 min (minor� 2S,3S), tR� 30.3 min
(major� 2R,3R); syn : tR� 17.9 min (major� 2S,3R), tR� 33.2 min (minor
� 2R,3S); elemental analysis calcd (%) for C25H37NO4Si: C 67.68, H 8.41, N
3.16; found: C 67.64, H 8.49, N 3.19.


Phenyl 3-cyclohexyl-3-(2-hydroxy-6-methylphenyl)amino-2-methylpropa-
noate (4 i) (syn/anti 27:73): IR (neat): �� � 3378, 2923, 2851, 1738, 1590,
1492, 745, 689 cm�1; 1H NMR (CDCl3): anti : �� 1.07 ± 1.90 (m, 11H), 1.37
(d, J� 7.1 Hz, 3H), 2.29 (s, 3H), 2.92 (dq, J� 7.1, 8.3 Hz, 1H), 3.74 (dd, J�
3.3, 8.3 Hz, 1H), 6.65 ± 6.82 (m, 3H), 7.00 ± 7.03 (m, 2H), 7.19 ± 7.36 (m, 3H);
syn : �� 1.07 ± 1.90 (m, 11H), 1.36 (d, J� 7.2 Hz, 3H), 2.28 (s, 3H), 3.00 (dq,
J� 3.1, 7.2 Hz, 1H), 3.70 (dd, J� 3.1, 5.1 Hz, 1H) 6.65 ± 6.82 (m, 3H), 6.90 ±
6.93 (m, 2H), 7.19 ± 7.36 (m, 3H); 13C NMR (CDCl3): anti : �� 15.5, 18.6,
26.5, 26.6, 26.7, 28.3, 29.6, 41.1, 43.2, 61.7, 114.8, 121.4, 122.1, 122.6, 126.0,
128.9, 129.4, 133.7, 149.1, 150.5, 176.6; syn : � 11.9, 18.6, 26.3, 26.5, 26.6, 30.2,
30.7, 41.2, 42.4, 61.6, 114.4, 121.4, 122.5, 122.8, 125.9, 129.4, 130.2, 133.3,
149.5, 150.8, 175.3; HPLC (Daicel Chiralcel OD-H (double), hexane/
iPrOH 24:1, flow rate� 0.60 mLmin�1): anti : tR� 35.4 min (major�
2R,3R), tR� 44.3 min (minor� 2S,3S); syn : tR� 33.2 min (major� 2S,3R),
tR� 40.5 min (minor� 2R,3S); elemental analysis calcd (%) for
C23H29NO3: C 75.17, H 7.95, N 3.81; found: C 75.20, H 8.15, N 3.84.


(2R,3S)-Methyl 3-(2-methoxyphenyl)amino-2-methyl-3-phenylpropanoate
(5): K2CO3 (166 mg, 1.20 mmol) was added at room temperature to a
solution of 4a (syn/anti 2:98, anti� 92% ee) (210 mg, 0.60 mmol) in MeOH
(8.0 mL). After being stirred for 20 min, the reaction mixture was quenched
with sat. aq. NH4Cl, extracted with CH2Cl2 and dried over Na2SO4.
Filtration and removal of the solvents afforded methyl 3-(2-hydroxyphe-
nyl)amino-2-methyl-3-phenylpropanoate, a crude sample of which was
dissolved in a MeI/acetone (1:5) solution (8.0 mL), followed by addition of
K2CO3 (332 mg, 2.40 mmol) at room temperature. After the mixture was
stirred for 8 h, sat. aq. NH4Cl was added to quench the reaction. After a
usual work-up, the crude product was chromatographed on silica gel to give
5 (131 mg, 78%) as a pure anti-isomer. [�]18D ��16.0 (c� 1.34, CHCl3); IR
(neat): �� � 3414, 2944, 1733, 1603, 1513, 1456, 736, 703 cm�1; 1H NMR
(CDCl3): �� 1.14 (d, J� 7.0 Hz, 3H), 2.88 (dq, J� 7.0, 7.7 Hz, 1H), 3.63 (s,
3H), 3.85 (s, 3H), 4.51 (d, J� 7.7 Hz, 1H), 6.39 ± 6.73 (m, 4H), 7.17 ± 7.29
(m, 5H); 13C NMR (CDCl3): �� 15.0, 46.7, 51.7, 55.5, 60.4, 109.4, 110.9,
116.4, 121.0, 126.9, 127.3, 128.4, 136.7, 141.2, 146.8, 175.3.


(2R,3S)-Methyl 3-amino-2-methyl-3-phenylpropanoate (6):[18] A catalytic
amount of AgNO3 (14 mg, 0.08 mmol) was added at 60 �C to a solution of 5
(50 mg, 0.17 mmol) in a CH3CN/H2O (2:1) solution (2.8 mL), followed by
portionwise addition of excess (NH4)2S2O8


[17] (306 mg, 1.34 mmol) for
20 min. After being stirred for 4 h, the reaction mixture was cooled at room
temperature, diluted with water, treated with K2CO3 to a pH of over 7, and
extracted with EtOAc. After a usual work-up, the crude product was
chromatographed on silica gel to afford the desired �-amino ester 6 (23 mg,
70%). [�]22D ��30.8 (c� 1.12, CHCl3) (lit. :[18] [�]25D ��29.2 (c� 1.00,
CHCl3)); IR (neat): �� � 3379, 2944, 1736, 1454, 766, 704 cm�1; 1H NMR
(CDCl3): �� 0.95 (d, J� 7.1 Hz, 3H), 1.86 (br s, 2H), 2.71 (dq, J� 7.1,
9.5 Hz, 1H), 3.73 (s, 3H), 4.02 (d, J� 9.5 Hz, 1H), 7.25 ± 7.36 (m, 5H);
13C NMR (CDCl3): �� 15.3, 47.9, 51.7, 59.1, 127.0, 127.5, 128.6, 143.4, 176.4.


(2R,3R)-Methyl 2,5-dimethyl-3-(2-hydroxy-6-methylphenyl)aminohexa-
noate (7): K2CO3 (102 mg, 0.74 mmol) was added at room temperature to
a solution of 4 f (syn/anti 9:91, anti 92% ee) (127 mg, 0.37 mmol) in MeOH
(5.0 mL). After being stirred for 20 min, the reaction mixture was quenched
with sat. aq. NH4Cl. After a usual work-up, the crude product was
chromatographed on silica gel to afford 7 (98 mg, 95%) as a pure anti-
isomer. [�]17D ��5.2 (c� 1.10, CHCl3); IR (neat): �� � 3367, 2954, 2863, 1711,
1588, 1461 cm�1; 1H NMR (CDCl3): �� 0.79 (d, J� 6.3 Hz, 6H), 1.24 (d,
J� 7.1 Hz, 3H), 1.31 ± 1.36 (m, 2H), 1.54 ± 1.64 (m, 1H), 2.25 (s, 3H), 2.59
(dq, J� 7.0, 7.1 Hz, 1H), 3.57 ± 3.62 (m, 1H), 3.69 (s, 3H), 6.63 ± 6.80 (m,


3H); 13C NMR (CDCl3): �� 13.8, 18.3, 22.2, 23.2, 25.0, 43.8, 44.6, 51.8, 55.8,
113.6, 122.3, 122.8, 130.3, 132.7, 149.8, 177.2.


(2R,3R)-Methyl 3-(tert-butoxycarbonyl)amino-2,5-dimethylhexanoate
(8):[5b] Cerium ammonium nitrate (CAN)[19] (459 mg, 0.84 mmol) was
added at 0 �C to a solution of 7 (78 mg, 0.28 mmol) in a CH3CN/H2O (4:1)
solution (3.5 mL). After being stirred for 20 min, the reaction mixture was
diluted with water and EtOAc, treated with K2CO3 to a pH of over 7.
Insoluble inorganic materials were filtered through a pad of celite and the
aqueous layer was extracted with EtOAc. The combined organic layer was
washed with 10% aq. Na2CO3, 10% aq. Na2SO3 and brine, and dried over
Na2SO4. Filtration and evaporation of solvents afforded (2R,3R)-methyl
3-amino-2,5-dimethylhexanoate as a crude mixture, which was dissolved in
CH2Cl2 (3.0 mL), followed by addition of Boc2O (183 mg, 0.84 mmol) in
CH2Cl2 (0.8 mL) at room temperature. After 4 h, solvents were removed
under reduced pressure and the crude product was chromatographed on
silica gel to afford N-Boc-�-amino ester 8 (34 mg, 44%). [�]23D ��23.4 (c�
1.42, CHCl3) (authentic sample of 8[5b] prepared according to the literature:
[�]21D ��25.7 (c� 1.43, CHCl3)); IR (neat): �� � 3374, 2959, 2883, 1718,
1508, 1366, 1166 cm�1; 1H NMR (CDCl3): �� 0.90 (d, J� 6.6 Hz, 3H), 0.92
(d, J� 6.3 Hz, 3H), 1.14 ± 1.21 (m, 1H), 1.20 (d, J� 7.1 Hz, 3H), 1.31 ± 1.38
(m, 1H), 1.44 (s, 8H, rotamer), 1.47 (s, 1H, rotamer), 1.60 ± 1.70 (m, 1H),
2.59 ± 2.69 (m, 1H), 3.68 (s, 3H), 3.80 ± 3.87 (m, 1H), 4.72 (d, J� 10.7 Hz,
0.1H, rotamer), 5.04 (d, J� 10.0 Hz, 0.9H, rotamer); 13C NMR (CDCl3):
�� 14.3, 22.0, 23.1, 24.9, 28.3, 43.0, 43.2, 50.6, 51.5, 78.9, 155.9, 175.8.


Phenyl 3-(2-hydroxy-6-methylphenyl)amino-2-methyl-7-octynoate (10)
(syn/anti 7:93): IR (neat): �� � 3366, 3299, 2942, 2863, 1739, 1489, 1458,
1190, 1161, 744, 688 cm�1; 1H NMR (CDCl3): anti : �� 1.41 (d, J� 7.2 Hz,
3H), 1.60 ± 1.75 (m, 4H), 1.94 (t, J� 2.6 Hz, 1H), 2.14 ± 2.19 (m, 2H), 2.28
(s, 3H), 2.88 (dq, J� 7.0, 7.2 Hz, 1H), 3.61 ± 3.67 (m, 1H), 6.66 ± 6.93 (m,
3H), 7.06 ± 7.40 (m, 5H); syn : �� 1.38 (d, J� 7.3 Hz, 3H), 1.60 ± 1.75 (m,
4H), 1.95 (t, J� 2.7 Hz, 1H), 2.14 ± 2.19 (m, 2H), 2.26 (s, 3H), 2.97 (dq, J�
3.0, 7.3 Hz, 1H), 3.61 ± 3.67 (m, 1H), 6.66 ± 6.93 (m, 3H), 7.06 ± 7.40 (m,
5H); 13C NMR (CDCl3): anti : �� 14.0, 18.4, 18.5, 24.3, 31.5, 43.8, 57.7, 68.9,
83.7, 113.7, 121.4, 122.4, 123.3, 125.9, 129.4, 130.8, 132.2, 150.0, 150.4, 175.3;
syn : �� 10.9, 18.2, 18.4, 25.6, 30.8, 41.9, 58.0, 68.9, 83.6, 113.6, 121.4, 122.3,
124.3, 126.0, 129.4, 131.2, 132.4, 150.4, 151.3, 174.5; HPLC (Daicel Chiralcel
OD-H (double), hexane/iPrOH 19:1, flow rate� 0.50 mLmin�1) anti: tR�
54.0 min (major� 2R,3R), tR� 63.6 min (minor� 2S,3S); syn: tR� 49.6 min
(major� 2S,3R), tR� 67.6 min (minor� 2R,3S); elemental analysis calcd (%)
for C22H25NO3: C 75.19, H 7.17, N 3.99; found: C 74.92, H 7.35, N 3.97.


(2R,3R)-Methyl 3-(2-hydroxy-6-methylphenyl)amino-2-methyl-7-octy-
noate (11): According to the same procedure for 7 from 4 f, Mannich
adduct 10 (syn/anti 7:93, anti 97% ee) (285 mg, 0.81 mmol) was converted
to the corresponding methyl ester and isolated as a pure anti-isomer 11
(214 mg, 91%). 1H NMR (CDCl3): �� 1.27 (d, J� 7.2 Hz, 3H), 1.47 ± 1.65
(m, 4H), 1.93 (t, J� 2.7 Hz, 1H), 2.11 ± 2.17 (m, 2H), 2.25 (s, 3H), 2.63 (dq,
J� 7.2, 7.9 Hz, 1H), 3.47 ± 3.53 (m, 1H), 3.73 (s, 3H), 6.63 ± 6.85 (m, 3H);
13C NMR (CDCl3): �� 14.7, 18.3, 18.5, 24.1, 31.7, 44.1, 52.0, 57.6, 68.8, 83.6,
113.9, 122.1, 123.4, 130.6, 132.3, 150.4, 177.5.


(2R,3R)-Methyl 3-amino-2-methyl-7-octynoate (AMO methyl ester)
(12):[20] According to the same conversion of 7 to 8, the amino group of
11 (40 mg, 0.14 mmol) was deprotected to afford the desired �-amino ester
12 (14 mg, 54%). [�]22D ��9.6 (c� 0.14, CHCl3) (lit. :[20] [�]D��6.0 (c�
0.40, CHCl3)); 1H NMR (CDCl3): �� 1.19 (d, J� 7.0 Hz, 3H), 1.37 ± 1.80
(m, 6H), 1.96 (t, J� 2.7 Hz, 1H), 2.20 ± 2.25 (m, 2H), 2.49 (dq, J� 6.8,
7.0 Hz, 1H), 2.91 (m, 1H), 3.70 (s, 3H); 13C NMR (CDCl3): �� 14.2, 18.3,
25.0, 33.7, 46.0, 51.6, 53.6, 68.6, 84.1, 175.8.


Phenyl 5-benzyloxy-2-ethyl-3-(2-hydroxy-6-methylphenyl)aminopenta-
noate (15) (syn/anti 4 :96): IR (neat): �� �3365, 2932, 2870, 1746, 1590,
1490, 1452, 1195, 1159, 745, 695 cm�1; 1H NMR (CDCl3): anti : �� 1.01 (t,
J� 7.6 Hz, 3H), 1.50 ± 2.08 (m, 4H), 2.25 (s, 3H), 2.67 ± 2.74 (m, 1H), 3.56 ±
3.72 (m, 2H), 3.84 ± 3.89 (m, 1H), 4.48 (d, J� 11.8 Hz, 1H), 4.52 (d, J�
11.8 Hz, 1H), 6.64 ± 6.89 (m, 3H), 7.01 ± 7.40 (m, 10H); syn : �� 0.97 (t, J�
7.3 Hz, 3H), 1.50 ± 2.08 (m, 4H), 2.30 (s, 3H), 2.67 ± 2.74 (m, 1H), 3.56 ± 3.72
(m, 2H), 3.84 ± 3.89 (m, 1H), 4.53 (d, J� 12.0 Hz, 1H), 4.59 (d, J� 12.0 Hz,
1H), 6.64 ± 6.89 (m, 3H), 7.01 ± 7.40 (m, 10H); 13C NMR (CDCl3): anti : ��
12.2, 18.3, 22.4, 32.0, 51.9, 54.7, 66.7, 73.2, 114.4, 121.5, 122.3, 123.1, 125.9,
127.8, 128.0, 128.4, 129.4, 130.1, 132.6, 137.5, 150.1, 150.4, 174.6; syn : � 12.4,
18.1, 21.9, 30.8, 50.8, 56.3, 67.4, 73.1, 114.0, 121.4, 122.1, 124.1, 126.0, 127.8,
128.0, 128.4, 129.5, 132.2, 132.6, 137.4, 150.3, 151.4, 173.2; HPLC (Daicel
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Chiralpak AD (double), hexane/iPrOH 19:1, flow rate� 1.0 mLmin�1):
anti : tR� 38.1 min (major� 2R,3R), tR� 44.1 min (minor� 2S,3S); syn :
tR� 41.4 min (major� 2S,3R), tR� 53.3 min (minor� 2R,3S); elemental
analysis calcd (%) for C27H31NO4: C 74.80, H 7.21, N 3.23; found: C 74.66, H
7.32, N 3.24.


(2R,3R)-Phenyl 3-amino-5-benzyloxy-2-ethylpentanoate (16): The amino
group of 15 (113 mg, 0.26 mmol) was also deprotected with CAN under the
similar condition described above and diastereoisomers of the product
were separated to give the desired pure anti-isomer 16 (66 mg, 78%).
1H NMR (CDCl3): �� 1.05 (t, J� 7.3 Hz, 3H), 1.60 ± 2.28 (m, 6H), 2.51 ±
2.62 (m, 1H), 3.22 ± 3.46 (m, 2H), 3.64 ± 3.69 (m, 1H), 4.52 (s, 2H), 7.06 ±
7.39 (m, 10H); 13C NMR (CDCl3): �� 12.0, 22.7, 35.2, 51.0, 53.4, 67.7, 73.1,
121.6, 125.8, 126.9, 127.6, 128.4, 129.4, 138.2, 150.5, 173.5.


(3R,4R)-4-(2-Benzyloxyethyl)-3-ethylazetidin-2-one (17): nBuLi (1.58�
hexane solution, 0.30 mL, 0.47 mmol) was added at 0 �C to a THF solution
(0.5 mL) of diisopropylamine (47 mg, 0.47 mmol). After stirred for 10 min,
the mixture was cooled to �78 �C. �-Amino ester 16 (51 mg, 0.16 mmol) in
THF (1.7 mL) was added and the mixture was stirred for 24 h at the same
temperature.[21] Water was added to quench the reaction and after a usual
work-up, the crude product was chromatographed on silica gel to afford �-
lactam 17 (20 mg, 55%). 1H NMR (CDCl3): �� 1.01 (t, J� 7.4 Hz, 3H),
1.59 ± 1.84 (m, 2H), 1.92 (dt, J� 4.5, 6.6 Hz, 2H), 2.76 (dddd, J� 1.3, 2.2,
6.2, 8.3 Hz, 1H), 3.44 (dt, J� 2.2, 6.6 Hz, 1H), 3.54 ± 3.60 (m, 2H), 4.49 (s,
2H), 5.88 (br s, 1H), 7.28 ± 7.39 (m, 5H); 13C NMR (CDCl3): �� 11.4, 21.4,
34.9, 53.0, 58.5, 68.1, 73.2, 127.6, 127.8, 128.5, 138.0, 170.7.


(3R,4R)-3-Ethyl-4-(2-hydroxyethyl)azetidin-2-one (18):[22] The mixture of
17 (20 mg, 0.085 mmol) and 20% Pd(OH)2/C (13 mg) in EtOH (1.0 mL)
was stirred under hydrogen at room temperature for 14 h. After filtration
and evaporation, the crude product was purified by chromatography on
silica gel to afford 18 (10 mg, 82%). [�]22D ��20.9 (c� 0.40, CHCl3) (lit. :[22d]


[�]21D ��21.6 (c� 0.35, CHCl3)); 1H NMR (CDCl3): �� 1.03 (t, J� 7.4 Hz,
3H), 1.63 ± 1.95 (m, 4H), 2.78 (ddd, J� 2.1, 6.3, 8.3 Hz, 1H), 3.47 (ddd, J�
2.1, 5.1, 7.8 Hz, 1H), 3.72 ± 3.83 (m, 2H), 6.25 (br s, 1H); 13C NMR (CDCl3):
�� 11.4, 21.4, 37.3, 52.8, 58.5, 60.6, 171.1.
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Antioxidant Effects of Resveratrol and its Analogues against the
Free-Radical-Induced Peroxidation of Linoleic Acid in Micelles


Jian-Guo Fang, Man Lu, Zhi-Hua Chen, Hui-He Zhu, Yan Li, Li Yang,
Long-Min Wu, and Zhong-Li Liu*[a]


Abstract: The antioxidant effect of res-
veratrol (3,4�,5-trihydroxy-trans-stil-
bene) and its analogues, that is, 4-hy-
droxy-trans-stilbene (4-HS), 3,5-dihy-
droxy-trans-stilbene (3,5-DHS), 4,4�-
dihydroxy-trans-stilbene (4,4�-DHS),
3,4-dihydroxy-trans-stilbene (3,4-DHS),
3,4,5-trihydroxy-trans-stilbene (3,4,5-
THS) and 3,4,4�-trihydroxy-trans-stil-
bene (3,4,4�-THS), against the peroxida-
tion of linoleic acid has been studied in
sodium dodecyl sulfate (SDS) and cetyl-
trimethyl ammonium bromide (CTAB)
micelles. The peroxidation was initiated
thermally by a water-soluble azo initia-


tor 2,2�-azobis(2-methylpropionami-
dine) dihydrochloride (AAPH), and
the reaction kinetics were studied by
monitoring the formation of linoleic acid
hydroperoxides. The synergistic antiox-
idant effect of these compounds with �-
tocopherol (vitamin E) was also studied
by following the decay kinetics of �-
tocopherol and the reaction intermedi-
ate, the �-tocopheroxyl radical. Kinetic
analysis of the antioxidant process dem-


onstrates that these compounds are
effective antioxidants in micelles used
either alone or in combination with �-
tocopherol. The antioxidative action in-
volves trapping the propagating lipid
peroxyl radical and reducing the �-
tocopheroxyl radical to regenerate �-
tocopherol. It was found that the anti-
oxidant activity of resveratrol analogues
depends significantly on the position of
the hydroxyl groups, the oxidation po-
tential of the molecule and the reaction
medium. Molecules with ortho-dihy-
droxyl and/or para-hydroxyl functional-
ities possess high activity.


Keywords: antioxidation ¥ kinetics
¥ lipids ¥ peroxidation ¥ resveratrol


Introduction


Resveratrol (3,5,4�-trihydroxy-trans-stilbene) is a naturally
occurring phytoalexin present in grapes and other plants. It
has been suggested that its presence in red wine with
concentrations ranging between 0.1 and 15 mgL�1[1] is linked
to the low incidence of heart diseases in some regions of
France–the so-called ™French paradox∫, that is, that despite a
high fat intake, mortality from coronary heart disease is lower
due to the regular drinking of wine.[2] In addition, resveratrol
has been shown to possess cancer chemopreventive activi-
ty.[3±4] Therefore, the past few years have witnessed intense
research devoted to the biological activity, especially the
antioxidative activity, of this compound,[5±9] since free-radical-
induced peroxidation of membrane lipids and oxidative
damage of DNA are considered to be associated with a wide
variety of chronic health problems, such as cancer, athero-


sclerosis and ageing.[10±12] Resveratrol has been reported to be
a good antioxidant against the peroxidation of low-density
lipoprotein (LDL)[6] and liposomes,[7] a potent inhibitor of
lipoxygenase,[8] and able to protect rat heart from ischaemia
reperfusion injury.[9] These facts, coupled with our recent
findings of the antioxidant synergism of vitamin E with green-
tea polyphenols,[13] coumarins[14] and �-carotene,[15] motivated
us to study the antioxidative behaviour of resveratrol and its
analogues, putting emphasis on the structure ± activity rela-
tionship of these compounds. We report herein kinetic and
mechanistic studies on the antioxidation reaction of resvera-
trol and related trans-stilbene analogues, that is 4-hydroxy-
trans-stilbene (4-HS), 3,5-dihydroxy-trans-stilbene (3,5-
DHS), 4,4�-dihydroxy-trans-stilbene (4,4�-DHS), 3,4-dihy-
droxy-trans-stilbene (3,4-DHS), 3,4,5-trihydroxy-trans-stil-
bene (3,4,5-THS) and 3,4,4�-trihydroxy-trans-stilbene (3,4,4�-
THS) on the peroxidation of linoleic acid. The peroxidation
was initiated thermally at physiological temperature by a
water-soluble azo initiator 2,2�-azobis(methylpropionami-
dine) dihydrochloride (AAPH) and conducted in sodium
dodecyl sulfate (SDS) and cetyl trimethylammonium (CTAB)
micelles to mimic the microenvironment of biomembranes.
The interaction of these compounds with �-tocopherol (TOH,
vitamin E) was also investigated.
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Results and Discussion


Inhibition of linoleic acid peroxidation by resveratrol and its
analogues in micelles : Peroxidation of linoleic acid or its
esters gives different hydroperoxides depending on the
reaction conditions.[16] Hydroperoxide substitution at the
C-9 or C-13 positions produces either trans,trans or cis,trans
conjugated dienes, which are the major products in the
absence of antioxidants or in the presence of only small
amount of antioxidants, for example, millimolar concentra-
tions of �-tocopherol.[16a,b] It was found recently that these
conjugated dienes were formed from the rapid �-scission of
the primarily formed bis-allylic 11-peroxyl radical,[16c,d] and
that the kinetically controlled product, the nonconjugated 11-
substituted hydroperoxide, might become the major product
in the presence of high concentrations of antioxidant, for
example, molar concentrations of �-tocopherol.[16d] The
present experiment used very small amounts of antioxidants
(micromolar �-tocopherol and/or resveratrol analogues),
hence the production of the nonconjugated 11-hydroperoxide
was negligible, and the conjugated hydroperoxides were the
predominant products, which showed characteristic ultravio-
let absorption at 235 nm[17] that was used to monitor the
formation of the total hydroperoxides formed during the
peroxidation after separation of the reaction mixture by high-
performance liquid chromatography (HPLC). A set of
representative kinetic curves of the total hydroperoxides
formation during the peroxidation of linoleic acid in SDS


micelles is shown in Figure 1. It can be seen from the
figure that, upon AAPH initiation, the concentration of
the hydroperoxides increased quickly and linearly with time
in the absence of antioxidants; this demonstrated the fast


Figure 1. Formation of total hydroperoxides (LOOH) during the perox-
idation of linoleic acid (LH) in SDS (0.1 molL�1) micelles at pH 7.5 and
37 �C, initiated with AAPH. [LH]0� 15.2 mmolL�1, [AAPH]0�
6.3 mmolL�1, [ArOH]0� 11.2 �molL�1. Uninhibited peroxidation (a) or
inhibited with b) resveratrol, c) 4-HS, d) 3,5-DHS, e) 4,4�-DHS, f) 3,4-DHS,
g) 3,4,5-THS, h) 3,4,4�-THS.


peroxidation of the substrate. The slope of this line corre-
sponds to the rate of propagation, Rp. The peroxides×
formation was remarkably inhibited by the addition of
resveratrol and its analogues during the so-called ™inhibition
period∫ (tinh) or induction period. After the inhibition period,
the rate of hydroperoxide formation increased to close to the
original rate of propagation; this corresponded to the
exhaustion of the antioxidant. During the inhibition period,
the concentration of the hydroperoxides also increased
approximately linearly with time, and the slope of this line
was designated Rinh , which also reflects the antioxidative
potential of the antioxidant. Similar results were obtained in
CTAB micelles (Figure 2), but the kinetic parameters and the


Figure 2. Formation of total hydroperoxides (LOOH) during the perox-
idation of linoleic acid (LH) in CTAB (0.015 molL�1) micelles at pH 7.5
and 37 �C, initiated with AAPH. [LH]0� 15.2 mmolL�1, [AAPH]0�
6.3 mmolL�1, [ArOH]0� 11.2 �molL�1. Uninhibited peroxidation (a) or
inhibited with b) resveratrol, c) 4-HS, d) 3,5-DHS, e) 4,4�-DHS, f) 3,4-DHS,
g) 3,4,5-THS, h) 3,4,4�-THS.
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relative effectiveness of the antioxidants in the two micelles
were appreciably different. The details will be discussed in
following sections.


The antioxidant effect of resveratrol and its analogues in the
presence of �-tocopherol : �-Tocopherol (TOH), the most
abundant and active form of vitamin E, is well known and the
principal lipid-soluble chain-breaking antioxidant in plasma
and erythrocytes.[18] Its synergistic antioxidative effect with
other antioxidants, such as �-ascorbic acid (vitamin C)[19] and
green-tea polyphenols,[13] has been well documented. There-
fore, it is interesting to see if TOH can also interact
synergistically with resveratrol and its analogues. In both
SDS and CTAB micelles TOH showed typical antioxidant
behaviour against linoleic acid peroxidation (line b in
Figures 3 and 4), as reported previously.[13±15] Addition of
resveratrol, 3,4-DHS, 3,4,4�-THS or 3,4,5,-THS together with


Figure 3. Formation of total hydroperoxides (LOOH) during the perox-
idation of linoleic acid (LH) in SDS (0.1 molL�1) micelle at pH 7.5 and
37 �C, initiated with AAPH. [LH]0� 15.2 mmolL�1, [AAPH]0�
6.3 mmolL�1, [TOH]0� 5 �molL�1, [ArOH]0� 11.2 �molL�1. Uninhibited
peroxidation (a) or inhibited with b) TOH, c) TOH � resveratrol, d) TOH
� 3,4,5-THS, e) TOH � 3,4,4�-THS.


Figure 4. Formation of total hydroperoxides (LOOH) during the perox-
idation of linoleic acid (LH) in CTAB (0.015 molL�1) micelle at pH 7.5 and
37 �C, initiated with AAPH. [LH]0� 15.2 mmolL�1, [AAPH]0�
6.3 mmolL�1, [TOH]0� 5 �molL�1, [ArOH]0� 11.2 �molL�1. Uninhibited
peroxidation (a) or inhibited with b) TOH, c) TOH � resveratrol, d) TOH
� 3,4,5-THS, e) TOH � 3,4,4�-THS.


TOH remarkably prolonged the inhibition period of the latter
and showed a synergistic antioxidation effect, that is, the
inhibition time when the two antioxidants were used in
combination was significantly longer than the sum of the
inhibition times when they were used individually as illus-
trated in Figures 3 and 4. 4-HS and 3,5-DHS could also
prolong the inhibition time of TOH when they were used
together with the latter in both SDS and CTAB micelles, but
the effect was only additive, that is, the inhibition time when
the two antioxidants were used in combination was the sum of
the inhibition times when they were used individually (Figures
not shown). The results are summarized in Table 2, later.


Consumption of �-tocopherol : In order to rationalize the
mechanism of the antioxidant synergism of �-tocopherol and
the resveratrol analogues, the decay of �-tocopherol was
studied by HPLC separation of the reaction mixture, followed
by electrochemical determination of �-tocopherol. Represen-
tative results are illustrated in Figure 5. It was found that the
decay of �-tocopherol was approximately linear in the
absence of 3,4,4�-THS in the two micelles (lines a and b in


Figure 5. Consumption of �-tocopherol during the inhibition of linoleic
acid peroxidation in micelles at pH 7.5 and 37 �C, initiated with AAPH and
inhibited by TOH and/or 3,4,4�-THS (ArOH). [LH]0� 15.2 mmolL�1,
[AAPH]0� 6.3 mmolL�1, [ArOH]0� 11.2 �molL�1, [TOH]0� 5 �molL�1.
a) Decay of TOH in the absence of 3,4,4�-THS in CTAB (0.015 molL�1)
micelle, b) decay of TOH in the absence of 3,4.4�-THS in SDS (0.1 molL�1)
micelle, c) decay of TOH in the presence of 3,4,4�-THS in CTAB micelle,
d) decay of TOH in the presence of 3,4,4�-THS in SDS micelle.


Figure 5), in accordance with the kinetic demand for anti-
oxidation reactions [Eq. (4), vide infra]. When 3,4,4�-THS was
added, however, the decay of �-tocopherol became much
slower before most of 3,4,4�-THS was exhausted (lines c and
d). 3,4-DHS and 3,4,5-THS in both micelles, and resveratrol in
the CTAB micelle showed a similar effect upon the decay of
�-tocopherol, while 4-HS and 3,5-DHS showed no effect
(Figures not shown). These results suggest that resveratrol,
3,4-DHS, 3,4,4�-THS and 3,4,5-THS may be able to reduce the
�-tocopheroxyl radical to regenerate �-tocopherol and,
hence, maintain the concentration of �-tocopherol in the
reaction system. Similar �-tocopherol regeneration reactions
by vitamin C[19] and green-tea polyphenols have been
reported previously.[13]
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Direct determination of the rate of the �-tocopherol regen-
eration reaction : The �-tocopheroxyl radical (TO.) is more
persistent in micelles than in homogeneous solutions. The rate
constants of the bimolecular self-reaction of TO. were
reported to be 3� 103��1 s�1 in benzene/di-tert-butyl perox-
ide[20] and 15��1 s�1 in CTAB micelles,[15a] respectively. They
correspond to half-lives of 11 seconds and 38 minutes in the
homogeneous solution and the micelle, respectively, taking
the initial concentration of TO. as 30 �mol. Therefore, the
reaction kinetics of TO. could be easily determined in micelles
by using stopped-flow electron paramagnetic resonance
(EPR) spectroscopy[21] at ambient temperature. Figure 6
shows the EPR spectrum of TO. recorded in CTAB micelles.
Addition of resveratrol through a fast stopped-flow device[21]


remarkably increased the decay of TO. , which was found to
be pseudo-first order in the presence of a large excess of
resveratrol (line b in Figure 7). Plotting this first-order rate


Figure 6. EPR Spectra of the �-tocopheroxyl radical (TO.) recorded in
CTAB (15 mmolL�1) micelles at pH 7.4 and room temperature in air. The
TO. was generated by oxidizing TOH (1 mmolL�1) with PbO2. The initial
concentration of TO. was 28 �molL�1.


Figure 7. The decay of �-tocopheroxyl radicals in CTAB (15 mmolL�1)
micelles at pH 7.4 and room temperature in air. a) intrinsic decay, b) in the
presence of resveratrol (0.78 mmolL�1), c) in the presence of 3,4-DHS
(0.13 mmolL�1).


constant versus the concentration of resveratrol gave a
straight line from which the bimolecular rate constant
between TO. and resveratrol [Eq. (9), vide infra] could be
obtained. 3,4-DHS reacted with TO. much faster than
resveratrol (line c in Figure 7). The rate constants for the �-
tocopherol regeneration reaction of resveratrol and 3,4-DHS
were determined to be 0.23� 102 and 3.0� 102��1 s�1 respec-
tively in CTAB micelles. These EPR experiments confirm
unambiguously that the antioxidant synergism of �-tocopher-
ol with the resveratrol analogues is due to the �-tocopherol
regeneration reaction by the latter.


Electrochemistry of resveratrol and its analogues : The
electrochemistry of resveratrol and its analogues was studied
by cyclic voltammetry in both SDS and CTABmicelles. It was
found that resveratrol, 4-HS and 3,5-DHS showed irreversible
cyclic voltammograms with higher oxidation potentials, while
3,4-DHS, 4,4�-DHS, 3,4,5-THS and 3,4,4�-THS showed rever-
sible cyclic voltammograms with lower oxidation potentials.
The oxidation potentials are listed in Table 1.


Kinetics and mechanism : It has been proved that the reaction
kinetics of lipid peroxidation in micelles and biomembranes
follow the same rate law as that in homogenous solutions.[22]


The kinetics of linoleic acid (LH) peroxidation initiated by
azo-compounds and its inhibition by chain-breaking antiox-
idants (AH) have been discussed in detail in our previous
papers.[13±14] The rate of propagation (Rp) and the rate of
peroxide formation in the inhibition period (Rinh) are given by
Equations (1) and (2), respectively.


d[LOOH]/dt�Rp� [kp/(2kt)1/2]Ri1/2 [LH] (1)


Rinh�kpRi [LH]/(nkinh [AH]) (2)


here kp, kt and kinh are rate constants for the chain
propagation, chain termination and chain inhibition by
antioxidants, respectively, and Ri is the apparent rate of chain
initiation, which can be obtained by measuring the inhibition
period or decay of the antioxidant (AH), [Eqs. (3) and (4),
respectively].[13]


Ri�n [AH]0/tinh (3)


Ri��nd[AH]/dt (4)


Here n is the stoichiometric factor that designates the
number of peroxyl radicals trapped by each antioxidant
molecule. Since the n value of �-tocopherol is generally
assumed to be 2,[22] the Ri value can be determined from the
inhibition period or the decay rate of �-tocopherol.
The kinetic chain length (kcl) defines the number of chain


propagations initiated by each initiating radical and is given
by Equations (5) and (6) for uninhibited and inhibited
peroxidation respectively. The kinetic parameters deduced
from Figures 1 and 2 are listed in Tables 1 and 2, respectively.


kclp�Rp/Ri (5)


kclinh�Rinh/Ri (6)
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It can be seen from Figures 1 and 2 and from Table 1 that
resveratrol and its analogues (ArOHs) behave well as chain-
breaking antioxidants against AAPH-induced linoleic acid
peroxidation in both SDS and CTAB micelles. All of them
produced a clear inhibition period in which the rate of
propagation and the kinetic chain length are remarkably
reduced; this demonstrates that they are able to trap the
propagating linoleic acid peroxyl radicals [LOO. , Eq. (7)].


LOO. � ArOH ��kinh LOOH � ArO. (7)


The antioxidant potential of these ArOHs can be assessed
by comparing their inhibition rate constant from Equa-
tion (7), kinh, the inhibition period, tinh, or the kinetic chain
length during the inhibition time, kclinh. The kinh of ArOHs is
about 0.5 ± 3.1� 104��1 s�1, comparable to that of �-tocopher-
ol (3.6� 104 and 2.0� 104��1 s�1 in SDS and CTAB micelles,


respectively, see Table 2) and to those of green-tea polyphe-
nols (0.3 ± 3.7� 104��1 s�1 in micelles).[13b] It can also be seen
that the antioxidative activities of 3,4-DHS, 3,4,5-THS and
3,4,4�-THS, that is, the molecules bearing ortho-dihydroxyl
functionality, are appreciably higher than those of resveratrol
and molecules bearing no such functionality. This can be
understood because the ortho-hydroxyl phenoxyl radical, the
oxidation intermediate for these three more active species, is
more stable due to the intramolecular hydrogen bonding
interaction, as evidenced recently from both experiments[23]


and theoretical calculations.[24] The theoretical calculation
showed that the hydrogen bond in the ortho-OH phenoxyl
radical is approximately 4 kcalmol�1 stronger than that in the
parent catechol, and that the bond dissociation energy (BDE)
of catechol is 9.1 kcalmol�1 lower than that of phenol and
8.8 kcalmol�1 lower than that of resorcinol.[24] In addition, it
should be easier to further oxidize the ortho-OH phenoxyl


Table 1. Inhibition of AAPH-initiated peroxidation of linoleic acid by resveratrol and its analogues in micelles.[a,b]


Micelle ArOH Rp Rinh tinh kinh n kclp kclinh Epa
[10�8 moldm�3 s�1] [10�8 moldm�3 s�1] [103 s] [104 dm3mol�1 s�1] [V vs. SCE]


SDS none 8.3 26.8
resveratrol 9.0 2.8 3.1 1.3 0.8 29.1 9.0 0.62
4-HS 9.2 4.0 2.1 1.2 0.6 29.7 12.9 0.64
3,5-DHS 7.8 3.8 1.5 1.7 0.4 25.1 12.2 0.85
4,4�-DHS 8.0 2.6 3.2 1.4 0.9 25.8 8.4 0.40
3,4-DHS 8.2 0.8 4.9 2.9 1.4 26.4 2.6 0.34
3,4,5-THS 8.7 1.5 2.4 3.1 0.7 28.1 4.8 0.24
3,4,4�-THS 6.8 � 0 7.2 [c] 2.0 21.9 [c] 0.32


CTAB none 16.8 20.4
resveratrol 16.0 2.7 2.7 0.7 2.0 19.3 3.2 0.67
4-HS 19.8 3.2 1.7 1.0 1.2 23.9 3.8 0.66
3,5-DHS 15.6 4.2 2.4 0.5 1.8 18.8 5.1 0.79
4,4�-DHS 14.8 2.8 2.6 0.8 1.9 17.8 3.4 0.43
3,4-DHS 14.0 1.6 4.1 0.9 3.0 16.9 1.9 0.36
3,4,5-THS 16.5 1.6 2.9 1.3 2.1 19.9 1.9 0.23
3,4,4�-THS 15.5 � 0 5.1 [c] 3.8 18.7 [c] 0.34


[a] The reaction conditions and the initial concentration of the substrates are the same as described in the legends of Figures 1 and 2 for reactions conducted
in SDS and CTABmicelles respectively. Data are the average of three determinations that were reproducible with a deviation of less than�10%. [b] Taking
Ri as 3.1 and 8.3 nmolL�1 s�1 in SDS and CTAB micelles, respectively, see text. [c] Could not be calculated because Rinh is approximately zero.


Table 2. Inhibition of AAPH-initiated peroxidation of linoleic acid by resveratrol and its analogues together with �-tocopherol in micelles.[a,b]


Micelle ArOH Rp Rinh tinh kinh n�[c] kclp kclinh SE
[10�8moldm�3s�1] [10�8moldm�3s�1] [103 s] [104 dm3mol�1s�1] [%]


SDS TOH 8.1 1.1 3.0 3.6 2.0 26.1 3.6
esveratrol � TOH 7.0 0.9 6.3 2.0 1.2 22.6 2.9 � 0
4-HS�TOH 7.9 0.8 5.3 2.3 1.0 25.5 2.6 � 0
3,5-DHS�TOH 8.3 1.0 4.8 2.1 0.9 26.8 3.2 � 0
4,4�-DHS�TOH 7.4 0.5 6.6 3.1 1.3 23.9 1.6 � 0
3,4-DHS�TOH 6.9 � 0 12.6 [d] 2.4 22.2 [d] 59.5
3.4.5-THS�TOH 7.7 0.6 6.6 2.9 1.3 24.8 1.9 22.2
3,4,4�-THS�TOH 7.0 � 0 13.8 [d] 2.6 22.6 [d] 35.3


CTAB TOH 16.7 2.0 1.2 2.0 2.0 20.1 2.4
esveratrol � TOH 12.3 0.1 4.4 10.9 2.2 14.8 0.1 12.8
4-HS�TOH 17.8 0.3 2.5 6.4 1.3 21.4 0.4 � 0
3,5-DHS�TOH 13.6 0.3 3.0 6.3 1.5 16.4 0.4 � 0
4,4�-DHS�TOH 14.3 0.2 4.5 7.5 2.3 17.2 0.2 18.4
3,4-DHS�TOH 11.7 � 0 7.8 [d] 4.0 14.1 [d] 47.2
3,4,5-THS�TOH 13.0 � 0 4.9 [d] 2.5 15.7 [d] 19.5
3,4,4�-THS�TOH 12.8 � 0 8.1 [d] 4.2 15.4 [d] 28.6


[a] The reaction conditions and the initial concentration of the substrates are the same as described in the legends of Figures 3 and 4 for reactions conducted
in SDS and CTABmicelles, respectively. Data are the average of three determinations that were reproducible with a deviation of less than�10%. [b] Taking
Ri as 3.1 and 8.3 nmoldm�3 s�1 in SDS and CTABmicelles, respectively, see text. [c] n��Ri tinh/([ArOH]0� [TOH]0). [d] Could not be calculated because Rinh
is approximately zero.
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radical and/or ortho-semiquinone radical anion to form the
final ortho-quinone[23] (Scheme 1). The fact that the stoichio-
metric factor, n, of 3,4-DHS and 3,4,4�-THS is larger than 1
(Table 1) suggests that the second peroxyl radical is involved
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Scheme 1. Antioxidative reaction of 3,4-DHS by hydrogen abstraction and
electron transfer.


in the antioxidation reaction that leads to the formation of the
corresponding ortho-quinones, as shown in the scheme. The
4�-OH group also enhanced the activity, since the 4�-OH group
can stabilize the semiquinone radical-anion intermediate by
resonance through the trans double bond. It has recently been
proved that the 4�-OH is more active than themeta-dihydroxyl
groups in resveratrol.[4, 24, 25] Therefore, the antioxidative
activity of 3,4,4�-THS is extremely high. It completely inhibits
peroxidation in both SDS and CTAB micelles and produces a
longer inhibition period than �-tocopherol (7.2� 103 and
5.1� 103 s for 11.2 �molL�1 of 3,4,4�-THS in SDS and CTAB
micelles respectively, in comparison with the inhibition period
of 3.0� 103 and 1.2� 103 s for 5.0 �molL�1 of �-tocopherol in
SDS and CTAB, respectively).
It is worth noting that the antioxidant activity of resveratrol


analogues is correlated with the electrochemical behaviour of
the molecule. Molecules with lower oxidation potentials and
reversible cyclic voltammograms, that is, 3,4-DHS, 4,4�-DHS,
3,4,4�-THS and 3,4,5-THS, exhibit higher activity, while
molecules with higher oxidation potentials and irreversible
cyclic voltammograms, that is, 4-HS, 3,5-DHS and resveratrol,
are less active. This correlation between the activity and the
oxidation potential of the molecules suggests that electron-
transfer antioxidation might take place simultaneously with a
direct hydrogen-abstraction reaction, as exemplified in
Scheme 1. It is well known that phenoxides undergo electron
transfer oxidation more easily to produce relatively stable
phenoxide radical anions in alkaline media. Resveratrol, with
a pKa1 of 6.4,[25] partially dissociates under our experimental
conditions (pH 7.4); this makes the electron-transfer reaction
feasible. Cooperation between hydrogen-abstraction and
electron-transfer processes in antioxidation reactions by


phenolic antioxidants has recently been discussed theoret-
ically.[24]


It can be seen from Figures 3 and 4 and Table 2 that
addition of the resveratrol analogues (ArOHs) together with
�-tocopherol (TOH) significantly increases the inhibition
period of the latter. The tinh of TOH and 3,4-DHS when they
were used together in SDS micelles was approximately 60%
longer than the sum of the tinhs when the two antioxidants
were used individually, as expressed by the synergistic
efficiency SE% [Eq. (8)].[26]


SE%� tinh	TOH � ArOH
 � �tinh	TOH
 � tinh	ArOH
�
tinh	TOH
 � tinh	ArOH
 � 100 (8)


As shown in Figures 5 and 7, the antioxidant synergism of
TOH andArOH can be rationalized by the reduction of the �-
tocopheroxyl radical by the resveratrol analogues [Eq. (9)],
which regenerates �-tocopherol. Since the rate of this TOH-
regeneration reaction (kreg� 102��1 s�1) is approximately two
orders of magnitude slower than that of the antioxidation
reaction [Eq. (7), kinh� 104��1 s�1], the antioxidant synergism
can only be observed when the rate of the TOH-regeneration
reaction is high enough to compete with the antioxidation
reaction.


TO. � ArOH ��kreg TOH � ArO (9)


It can also be seen from Tables 1 and 2 that the reaction
medium exerts significant influence on the rate of initiation
and the antioxidant activity of the resveratrol analogues. The
Ri values calculated from the inhibition period [Eq. (3)] are
3.1 and 8.3 nmolL�1 s�1 in SDS and CTAB micelles, respec-
tively, which are in good agreement with the values of 3.0 and
8.2 nmolL�1 s�1, respectively, obtained from the decay of TOH
[Eq. (4)]. Taking the concentration of AAPH as 6.3 mmolL�1


the Ri value in CTAB micelles corresponds to 1.3�
10�6 [AAPH]s�1; this is in good agreement with the previously
reported value in liposomal dispersions.[27] However, the Ri
value of AAPH in SDS micelles is appreciably smaller than
that in CTAB micelles. This can be understood because
AAPH is positively charged, hence it is prone to being
adsorbed onto the surface of SDS micelles; this in turn
reduces the effective initiation, due to the cage effect. On the
other hand, the inhibition rate constant, kinh, of �-tocopherol
and resveratrol analogues is higher in SDS than in CTAB
micelles. This is due to the fact that lipid peroxyl radicals are
polar (dipole moment of ca. 2.6 Debye) and electrophilic.[22a]


Thus, they should move to the surface of micelles and be
subject to intermicellar diffusion[28] more quickly in SDS than
in CTAB micelles, so as to react with the antioxidant whose
reactive phenoxyl functional group resides on the surface of
the micelle.[18]


In conclusion, this work demonstrates that resveratrol and
its analogues, that is, 4-HS, 3,5-DHS, 4,4�-DHS, 3,4-DHS,
3,4,5-THS and 3,4,4�-THS, are effective antioxidants against
linoleic acid peroxidation in SDS and CTAB micelles. The
antioxidative action involves trapping the propagating per-
oxyl radicals (LOO.) on the surface of the micelle and
regenerating �-tocopherol (TOH) by reducing the �-toco-
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pheroxyl radical (TO.) as depicted in Scheme 2. The obser-
vation that trans-stilbene compounds bearing ortho-dihydrox-
yl and/or para-hydroxyl functionalities possess remarkably
higher antioxidant activity than the ones bearing no such
functionalities gives us useful information for antioxidant
drug design.
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Scheme 2. Antioxidative and TOH-regeneration reactions of resveratrol
analogues (ArOH) in micelles


Experimental Section


Materials : Resveratrol and its analogues, that is, 4-HS, 3,5-DHS, 4,4�-DHS,
3,4 -DHS, 3,4,5-THS and 3,4,4�-THS, were prepared according to the
available procedures,[29±30] and their structures and purity confirmed by MS,
1H NMR spectroscopy and HPLC. Linoleic acid (Sigma, Chromatographic
pure), dl-�-tocopherol (Merk, Biochemical reagent, �99.9%) and 2,2�-
azobis(2-methylpropionamidine) dihydrochloride (AAPH; Aldrich) were
kept under nitrogen in a refrigerator and used as received.


Determination of linoleic acid hydroperoxides : Aliquots of the reaction
mixture were taken out of an open vessel at appropriate time intervals and
subjected to high performance liquid chromatography (HPLC) analysis on
a Gilson liquid chromatograph with a ZORBAXODS reversed-phase
column (6� 250 mm, Du Pont instruments), then eluted with methanol/
propan-2-ol (3:1, v/v). The flow rate was set at 1.0 mLmin�1. A Gilson116
UV detector was used to monitor the total linoleic acid hydroperoxides at
235 nm. Every determination was repeated three times, and the exper-
imental deviations were within �10%.
Determination of �-tocopherol : The procedure was the same as described
above for determination of linoleic acid hydroperoxides, except that a
Gilson142 electrochemical detector set at �700 mV vs. SCE was used for
monitoring TOH. The column was eluted with methanol/propan-2-ol/
formic acid (80:20:1, v/v/v) containing sodium perchlorate (50 mmolL�1) as
supporting electrolyte.


Determination of �-tocopheroxyl radical : EPRmeasurements were carried
out on a Bruker ER200D spectrometer operated in the X-band with
100 kHz modulation, a modulation amplitude of 0.25 mT, time constant of
0.2 s and microwave power of 25 mW. A flat quartz flow cell (0.4� 5.5�
60 mm) was used for the stopped-flow determination of the reaction
kinetics as described previously.[15b] The �-tocopheroxyl radical was
generated by vigorously stirring �-tocopherol (1 mmolL�1) and excess
lead oxide with a Vortex mixer for 3 min in CTAB (15 mmolL�1) micelles
at pH 7.4 and room temperature.


Determination of oxidation potentials : The oxidation potentials of the
ArOHs were determined on a PAR173 potentiostat with a glassy carbon
electrode in phosphate buffered micelles at pH 7.4 and room temperature,
as described previously.[32] The potential was recorded relative to a
saturated calomel electrode.
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Deprotonation and Dimerization of Maleimide in the Triplet State:
A Laser Flash Photolysis Study with Optical and Conductometric Detection


Justus von Sonntag,* Wolfgang Knolle, Sergej Naumov, and Reiner Mehnert[a]


Abstract: The photochemistry of mal-
eimide in aqueous solution is governed
by the coexistence of up to three differ-
ent triplet states, the keto triplet (�max�
250, 330 nm, �min� 290 nm, pKa� 4.4�
0.1, �� 5 �s), the deprotonated or eno-
late triplet (�max� 360, 260 nm, �min�
320 nm, shoulder at 370 ± 380 nm) and
a dimer triplet. This biradical is formed
by the addition of the keto triplet to the
double bond of a ground state malei-
mide in competition with electron trans-
fer, (k3MI�MI� 2.6� 109 dm3mol�1 s�1).
Its spectrum is identical to that of the


maleimide H-adduct radical (�max�
370 ± 380 (broad), 255 nm (narrow),
�min� 290 nm) and its lifetime is 110 ns.
While protolysis is confined to malei-
mide and aqueous solutions, the dimer
triplet is also found in acetonitrile.
Dimer triplet formation is also observed
with N-ethylmaleimide. Time-resolved
conductometry and buffer experiments
were used to characterise excited state


protolysis. Multi-wavelength ™global
analysis∫ of the time profiles allowed
the separation of the transient spectra
and study of the kinetics of the mono-
mer and dimer triplets. The cyclobutane
dimer yield (determined by GC) is
independent of maleimide concentra-
tion. This indicates that the dimer triplet
does not contribute significantly to the
initiation of free-radical polymerisation.
Time-dependent Hartree ± Fock calcula-
tions agree with the experimental data
and further confirm the proposed mech-
anisms.


Keywords: dimerization ¥ kinetics ¥
maleimides ¥ photochemistry


Introduction


The photochemistry of maleimides is of considerable interest
in the field of copolymerisable photoinitiators.[1][2±7] In addi-
tion, the use of maleimides as radiation sensitisers[8] and
model compounds for photoactive biomolecules[9] has trig-
gered investigations into the mechanism of formation and
reactions of their related free radicals.[5, 7, 10, 11]


Interestingly, the triplet state chemistry of maleimides
differs substantially from that of ™normal∫ carbonyl triplet
states. For example, both abstract an H atom from alcohols,
but maleimide triplet 1 (unsubstituted, HMI*3) adds the H
atom at the C�C double bond [reaction (1) in Scheme 1] and
this leads exclusively to the H-adduct 2, while ™normal∫
carbonyls give rise to ketyl radicals. Maleimide ketyl radicals 4
are also known, but they result from a protonation of the
radical anion 3 [reaction (3), Scheme 1]. The optical and EPR
spectra of 2, 3 and 4 differ considerably, and this allows
definite assignment of the spectra. The radical-anion-derived
species are formed upon one-electron reduction of ground-[8]


or triplet-state[11] maleimides [reaction (2)].
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Scheme 1.


N-Substitution perturbs the electronic structure of the
maleimide chromophore and, as a consequence, triplet
quantum yields vary from unity (maleimide) to negligible
(N-phenylmaleimide).[9, 12] Moreover, maleimides have a very
rich and often unusual photochemistry.[6, 9, 13]


Maleimides show short-lived (�100 ps, a compilation of
rate constants is given in Table 1) and, hence, very little
fluorescence.[7] The involvement of a triplet state in the photo-
chemistry of maleimides has accordingly been shown in many
cases.[4, 5, 7, 9, 11] The UV spectra of HMI*3 and of its N-alkyl
derivatives have been reported.[4, 5, 12] Alkylation at nitrogen
red-shifts ground- and triplet-state spectra to a similar extent.


In the present study, the deprotonation of HMI*3 is studied
in aqueous solution. However, the imide moiety hydrolyses
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rapidly under even mildly alkaline conditions.[8] This restricts
the study to the acidic pH range. Accordingly, the ground-
state pKa of maleimide [equilibrium (4), Scheme 2, pKa�
10.8� 0.2] had been determined in a non-aqueous environ-
ment.[14] It will be shown that in aqueous solutions HMI*3 is an
acid with a pKa of 4.4.
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Cyclobutane dimer formation is one of the most prominent
processes in the photochemistry of electron-deficient ole-
fins.[15] Reactions of the excited species with its own ground
state and with an electron-donating partner are known.[15] In
maleimide-based systems, cyclobutane dimer formation [re-
actions (9) and (11) in Scheme 2] is commonly observed with
photopolymerisation. It has been suggested that both proc-
esses have a common precursor.[16, 17]


In this paper, the spectral and kinetic properties of the
triplet precursor of the maleimide cyclobutane dimers will be
presented, and it will be shown that the triplet-state dimer is
too short-lived to contribute to initiation.


Results and Discussion


Excited state deprotonation


Determination of the pKa in buffered solutions : The spectra of
the intermediates immediately after the excitation of malei-


mide in aqueous solution depends on the pH (Figure 1). This
effect is more pronounced in buffered solution. The change of
the optical spectra with pH can thus be used to determine the
pKa of the maleimide triplet.


Figure 1. Transient spectra at 100 ns, pH 2.01 (�) and 6.21 (�). 308 nm
laser flash photolysis of maleimide (1.0 mmoldm�3) in nitrogen-degassed
phosphate buffer (1 moldm�3), pH adjusted with perchloric acid or sodium
hydroxide, respectively.


The choice of buffer is very limited, since the buffer has to
be inert against hydrogen abstraction and electron transfer,
and also transparent down to 240 nm. Phosphate-based buffer
complies with these requirements, but catalyzes the malei-
mide hydrolysis at a pH near 7.


In acidic solution, the transient spectrum (Figure 1, �) is
identical to the primary triplet spectrum, which is known from
earlier work.[5, 12] With increasing pH, enolate 5 contributes
and finally dominates the spectrum (Figure 1, �).


Effects of buffer concentration : It is usual practice to use low
buffer concentrations in order to minimise impurities. Fig-
ure 2 shows the pitfalls that are associated with the settling of
equilibria when the object of scrutiny is short-lived. The


Figure 2. Effect of insufficient buffer concentration on maleimide depro-
tonation in laser flash photolysis. Maleimide (1.0 mmol dm�3) in nitrogen-
purged aqueous phosphate buffer (0.22 moldm�3). The ™titration∫ curves at
370 nm and different times (only one example (76 ns) is given in the main
graph) show two pKa values (indicated by the arrows in the main graph,
given as a function of time in the inset). Solid line (––) in the main graph:
fit function with two independent pKa ; solid line in the inset: asymptote
with pKa� 4.4.


Table 1. Compilation of rate constants relevant to the present study.


Reaction Rate constant


6 0.2� 106 s�1


7 � 1� 1010 s�1


8 2.8� 106 s�1


� 8 7� 1010 dm3mol�1 s�1


9� 10 2.6� 109 dm3mol�1 s�1


11� 18 9.1� 106 s�1


15 1.8� 107 dm3mol�1 s�1
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settling of an equilibrium involves bimolecular reactions
between the buffer and the transient acid. The rate of these
reactions are governed by the product of the pKa difference
and the buffer concentration.[18]


At low buffer concentration, when the pH-dependence of
the absorbance is measured shortly after the pulse, two pKa


are observed rather than one. These values converge with
time to one value (Figure 2). This effect is caused by the fact
that at low buffer concentration and very short time, a larger
pKa difference is required to protonate/deprotonate the
transient species. This effect is consistent with the formulae
given by Eigen and co-workers,[18] but was not reported at that
time. A reliable determination of the pKa thus requires very
high concentrations of phosphate to rapidly buffer the system.
At a concentration of 1� phosphate, the equilibrium is
reached fast enough and from 100 ns onwards the ™titration∫
curve (Figure 3) becomes well defined, yields a pKa of 4.4�
0.1, and is independent of time and wavelength.


Figure 3. ™Titration∫ curve at 370 nm, 100 ns. pKa� 4.4� 0.1. Solid line:
sigmoid fit function with slope fixed to ln(10) as required for a pKa curve.
Experimental conditions as in Figure 1.


In neutral unbuffered solution, the same initial spectrum is
found as in acidic solution (in which the species persists), and,
hence, we can conclude that the observed pKa is caused by the
deprotonation of HMI3* and not by its protonation, that is,
HMI3* is an acid, not a base. At first, it is surprising that an
imide deprotonates in its excited state, but it is not uncommon
that N-H acids behave like O-H acids in this respect.[18] This
finding will be further substantiated later.


Conductivity detection : The proton has the highest equivalent
conductivity of all ions (350� 10�4 m2Smol�1). Hydroxide,
OH�, has a conductivity of 198� 10�4 m2Smol�1, while all
organic ions span the narrow range from �25 to �55�
10�4 m2Smol�1 (from large ions, e.g., dodecyl sulfate to very
small ions, e.g., formate, respectively).[19] Protolytic reactions
can therefore be followed conductometrically and their yields
quantified.


When aqueous maleimide is subjected to a laser flash, a
strong conductivity signal (Figure 4) builds up which indicates
the release of a proton. The usual procedure to check for


Figure 4. Transient conductivity at three different doses, normalised to
dose.[20, 21] A solution of maleimide (1.3 mmoldm�3) in nitrogen-purged
water, Fourier filtered to 50 MHz bandwidth. 100% laser intensity (––);
50% intensity (�);25% intensity (�). Inset: observed rate of buildup
vs maleimide concentration, kobs � kobs,0 � kSQ � 3.0� 106 s�1 � 2.6� 109


dm3mol�1 s�1.


deprotonation would be to test whether the signal reverts its
sign on increasing the pH from 6 to 9 (at higher pH the
released protons would recombine rapidly with OH� with the
net result that the strongly conducting OH� is substituted by
an organic anion). This cannot be applied here because
maleimide hydrolyzes too fast at pH� 7.[8]


However, the reverse check can be performed, and no sign
reversal is observed on addition of sulfuric acid (�pH 5);
therefore, the conductivity increase is not caused by formation
of OH�.


The signal amplitude (Figure 4) is proportional to the laser
intensity (contributions by biphotonic processes are dicussed
below), and the rate of conductivity build-up is proportional
to the maleimide concentration (Figure 4, inset).


Reactions that compete with the deprotonation of the
acidic triplet state increase the observed rate of deprotonation
and decrease the proton yield. Two such processes are known,
the intrinsic lifetime and the self-quenching [reactions (9) and
(11)]. The intrinsic lifetime of triplet maleimide, which is
determined below to be 0.2� 106 s�1, contributes with the
intrinsic rate of deprotonation to the intercept in the inset of
Figure 4, (kobs,0� 3.0� 106 s�1). Self-quenching causes the
slope of the straight line (kSQ). The value of 2.6�
109 dm3mol�1 s�1 is identical to the value determined by
™global analysis∫ of the optical spectra (vide infra).


Radical ions (especially the radical cation, which probably
reacts with water to produce a proton) are formed by self-
quenching [reaction (10), Scheme 2] and also cause conduc-
tivity.[5]


Quantum yield : A major advantage of conductometric
detection is the fact that fully deprotonated acids have the
same specific conductivity, since the proton conductivity
governs the overall effect and anions of comparable molec-
ular weight also have a similar specific conductivity. The
comparison with actinometry (formation of a 2-nitrosoben-
zoic acid from 2-nitrobenzaldehyde with a quantum yield of
0.5),[22] therefore, leads directly to the quantum yield of
deprotonation.
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The competition of self-quenching and deprotonation
renders the proton quantum yield a function of the maleimide
concentration (Figure 5, top). This function can be described


Figure 5. Quantum yield of deprotonation (�) vs maleimide concentration
(top); product of kobs and � vs maleimide concentration (bottom). The
solid lines represent the same mathematical formula [Eq(1)]. Experimental
conditions as in Figure 4. The intercept is 2.8� 106 s�1, the slope is 3.9�
108 dm3mol�1 s�1. An outlier (�) has been omitted from regression.


by Equation (1); however, this equation is so ill-conditioned
that the acquired data are not sufficiently precise to allow
nonlinear curve fitting.


���deprotonation kdeprotonation � �radical ion kSQ �HMI	
kdeprotonation � kintrinsic � kSQ �HMI	 (1)


The denominator in Equation (1) is equal to kobs (kobs�
kdeprotonation� kintrinsic� kSQ ¥ [HMI]� 3.0� 106 s�1� 2.6�
109 dm3mol�1 s�1 [HMI]). As kobs is independently accessible
from the time profiles, a modified equation is derived
[Eq. (2)]. The plot of the product of quantum yield and kobs


(which is determined for each data point) versus maleimide
concentration yields a straight line (Figure 5, bottom).


kobs���deprotonationkdeprotonation��radical ionkSQ [HMI] (2)


The data can now be subjected to reliable linear regression.
The quantum yield of radical ions calculated from the slope
(�kobs� 3.9� 108 dm3mol�1 s�1) and the rate of self-quench-
ing (kSQ� 2.6� 109 dm3mol�1 s�1) is 0.15. This value is com-
parable to that of 0.1 given in reference [12] and the value of
0.12 deduced from trapping the maleimide radical anion by
tetranitromethane (calculated from �(HMI3*, 330 nm)�
300 m2mol�1[12] and �(nitroform anion, 350 nm)�
1500 m2mol�1;[23] data not shown).


The product of triplet quantum yield[24] and rate of
deprotonation (2.8� 106 s�1) is somewhat smaller than the
value of 3.0� 106 s�1 that was determined from the intercept
in Figure 4, inset. This has two implications. On one hand, the
quantum yield cannot be less than the ratio of these two
values, that is, 93%, if the intrinsic lifetime of the HMI3* is
infinite. On the other hand, any finite intrinsic lifetime adds to
the rate at vanishing maleimide concentration. Parallel
(pseudo) first-order reactions lead to an observed rate that
is equal to the sum of the two rates. The maximum rate of the
intrinsic triplet decay is, therefore, 0.2� 106 s�1, if a quantum
yield of unity is assumed. This is noticeably slower than the
value of 1.3� 106 s�1 (�� 770 ns) from earlier work.[5] The


reasons for this will be discussed below in the context of dimer
formation.


The rate of deprotonation is in any case in the range of
2.8 ± 3.0� 106 s�1. Eigen and co-workers established the rule
that the protonation of an anion in water is very close to
diffusion controlled.[18] The rate constants vary from 1� 1010


for bulky organic anions to 8� 1010 dm3mol�1 s�1 for HS�.[18]


A pKa of 4.4 is therefore equivalent to a rate of deprotonation
of 0.3 ± 4� 106 s�1; the value of 2.8 ± 3.0� 106 s�1, determined
above, fits well into this range.


Isotope effect : Dedeuteronation is slower than deprotonation.
The ratio of the rates of deprotonation to dedeuteronation
depends on the pKa ; for an acid with a pKa of 4.4, a kinetic
isotope effect close to 3 is expected[25] . This is found
experimentally.


N-Alkylmaleimides : Laser photolysis of N-alkylmaleimides
gives rise to a negligible build-up of conductivity which is just
sufficient to account for the formation of radical ions upon
self-quenching (�� 0.01).[5, 7, 12]


Quantum chemical calculations : The success of quantum
chemical calculations in predicting the EPR spectra of
maleimide-derived transients (e.g., the radical anion 3)[7]


suggests that the calculated geometry is reliable. Calculated
optical spectra, however, used to be of dubious value.
However, the modern time-dependent Hartree ±Fock
(TDHF) method reproduces at least qualitatively the exper-
imental spectra so that we include them here to further
support our assignment (Table 2).


Assuming an equivalent rate of protonation for the carbon-
yls [reaction (�12), Scheme 3] and the nitrogen [reac-
tion (�8)], protonation of the triplet enolate 5 should lead
to a 2:1 distribution of the two triplet species 6 and 1.


Table 2. Calculated electronic spectra.[a]


Molecule (No.) � [nm] oscillator
exptl calcd strength


HMI3* (1) 250 279 0.128
330 317 0.126


HMI-H (2) 255 277 0.006
370 330 0.065


HMI� (3) 260 215 0.153
330 265 0.013
420 386 0.184


MI3*� (5) 270 298 0.018
360 383 0.185
380 490 0.019


HMI-HMI3* (8) 255 274 0.011
324 0.005


370 326 0.140
3�MI-HMI (N
C) (10*�) � 240 313 0.065


330 394 0.170
3�MI-HMI (C
C) � 240 410 0.053


330 332 0.045
FMI� (12) � 240 256 0.014


330 387 0.242


[a] Method used: Time dependent Hartree ± Fock (TD-HF) using B3LYP/
6–31G(d) optimised molecular geometries taking the solvent (water) into
account by employing the Onsager (SCRF� dipole) model.
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However, we have not found any experimental evidence for
the existence of the triplet enol 6. Presumably, the bona-fide
assumption of equivalent rates of protonation does not hold,
and this is consistent with the quantum chemical calculations,
which show a decisively higher spin density on the nitrogen
(mesomeric dominance of 5a).


Sensitisation
Triplet acetone has a high triplet energy and a well-known
lifetime and spectrum.[26] Apart from its ground-state spec-
trum, which obscures the region below 300 nm, acetone is a
good triplet sensitiser. Triplet sensitisation is used to sub-
stantiate the theory that these phenomena are caused by the
triplet state. Laser photolysis of aqueous acetone solutions
(0.17 moldm�3) in the presence of maleimide (Figure 6) leads
to the same pH dependence of the transient spectra as shown
in Figure 1.


Figure 6. Acetone (0.17 moldm�3) sensitised triplet spectrum of malei-
mide in N2-purged aqueous solution. 6.5� 10�5 moldm�3 maleimide at
pH 7 (�); 12� 10�5 mol dm�3 maleimide at pH 1 (H2SO4) (�). For ease of
comparison with Figure 1 the same wavelength range was used.


Sensitised conductivity increase : The rate of increase of
conductivity is not linear with maleimide concentration, but
shows a saturation-type behaviour (Figure 7). The observed
rate can be modelled by the harmonic mean of the rates of the
individual reactions [Eq. (3)]. This function is derived from
the observation that the shape of a sequential formation
cannot be resolved when the starting point of the reaction is
smeared by a finite pulse width (and further obscured by the
electromagnetic noise of the laser). The data are fitted with a


Figure 7. Rate of conductivity buildup caused by maleimide when sensi-
tised with triplet acetone (0.17 mol dm�3 acetone in nitrogen-purged water,
different maleimide concentrations). ––: Fit function according to
Equation (3); - - - -: Asymptotes. Note that the calculated asymptote for
the slower reaction differs from an eye-ball fit in the intercept.


simple first-order buildup and the result subjected to Equa-
tion (3) to extract the relevant time constants, that is, the rates
of energy transfer (ET), the unimolecular deprotonation
reaction (0) and the self-quenching (SQ). A discussion of the
mathematics behind this is beyond the scope of this paper, but
will be published separately.


kobs�
kET�MI	�k0 � kSQ�MI	�
kET � k0 � kSQ�MI	 (3)


The values obtained from the fit agree with expectation: the
energy transfer (2.2� 1010 dm3mol�1 s�1) is practically diffu-
sion controlled, the rate constants of deprotonation (1�
106 s�1) and self-quenching (2.3� 109 dm3mol�1 s�1) are close
to those values determined above.


Biphotonic excitation : The use of a high photon-flux excita-
tion source may lead to biphotonic excitation. In this case, this
is especially favoured by the absorption coefficient, �308 nm, of
the maleimide triplet state (230 m2mol�1), which is ten times
larger than that of its ground state (22 m2mol�1),[12, 21] and a
triplet quantum yield of unity.[12]


The biphotonic process shows a much faster buildup of
transient conductivity than the monophotonic excitation
(Figure 8). The rate of increase (indicating a pKa� 2) is too
close to the detection limit of the experiment to be quanti-
fied, but is slow enough to exclude photoionisation. Another,
more stringent proof of the absence of photoionisation is the
lack of any trace of the solvated electron (�max� 1900 m2mol�1


at 720 nm)[27] in transient spectra measured with the same
setup.


The pKa of ground state maleimide (10.8) is much higher
than that of its lowest excited triplet state (4.4). Thus it is not
surprising that an even higher excited triplet state should be
even more acidic (pKa� 2).


Reactions of the enolate triplet : The results of quantum
chemical calculations on the triplet enolate suggest that this
molecule attacks another maleimide molecule and attaches
the nitrogen atom to the double bond of a ground state
molecule [reaction (13) in Scheme 4] in similar manner to the
radical cation attack suggested in reference [28]. The product
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Figure 8. Biphotonic conductivity buildup of photoexcited maleimide
(2.8 mmoldm�3) in argon-purged water. The upper curve (high dose)
shows biphotonic behaviour (fast deprotonation), while the lower curve
(small dose) corresponds to the data shown in Figure 4. Data obtained at
intermediate doses are omitted for clarity.
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of reactions (13) and (14) (in Scheme 4), the N-succinimidyl-
maleimide 10, differs from the cyclobutane dimer 9.


This reaction can only be investigated at high maleimide
and molar buffer concentrations. Phosphate catalyses the
hydrolysis at higher pH, therefore, a different buffer is
required for this experiment.


Fluoride as buffer : Fluoride is very rarely used as a buffer,
since it can be only used at neutral pH as hydrofluoric acid is
not only toxic but also corrodes the glassware. We first used
fluoride as a buffer while measuring the rates of reaction of
halides with triplet maleimide.[5] Fluoride has the advantage
that on addition to a neutral aqueous solution it does not
perturb the pH and that, in contrast phosphate at pH 7, it does
not catalyze the hydrolysis of ground-state maleimide.


Hydrofluoric acid has a pKa of 3.45.[29] The equilibrium
between keto triplet 1 � F� and HF � triplet enolate 5
[reaction (15), Scheme 5] lies toward the left side. This is
reflected in the slow rate of fluoride catalysis of triplet
maleimide deprotonation (k� 1.8� 107 dm3mol�1 s�1, Fig-
ure 9, inset).


The transient spectrum within the pulse train in Figure 10 is
again similar to that of the enolate but has a contribution from
a longer lived transient. The delayed increase typical of the
formation of the maleimide triplet dimer 8 is found, but
another transient species is also detected. This can either be
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Figure 9. Maleimide (1.12 mmoldm�3) excited state protolysis catalyzed
by various fluoride concentrations (cf. inset), pH 7, nitrogen-purged. Inset:
yield at maximum (�) and kobs (�) vs fluoride concentration.


Figure 10. Transient spectra obtained from laser photolysis of maleimide
(0.01 moldm�3) in fluoride buffer(1 moldm�3), nitrogen-purged.


attributed to the triplet N-succinimidylmaleimide 10 or
alternatively to the N-fluoromaleimide radical anion 12, a
product of the reaction of the maleimide enolyl radical 11with
fluoride [reaction (17), Scheme 5].


This last assignment is based on the chemistry of N-
bromosuccinimide, in which the succinimide-ring is such a
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strong electron acceptor that the radical anion expels a
bromine atom.[30]


Dimerisation


Non-aqueous inert solvents (acetonitrile): The excited-state
deprotonation discussed above does not take place in
acetonitrile; thus, one complication is eliminated. A satisfac-
tory signal strength, however, requires at least millimolar
concentrations of maleimide (or higher, in the case of the N-
substituted malemides due to their low triplet state quantum
yield[12]). Under these conditions, the reaction of ground-state
maleimide with the triplet-state maleimide (k� 1.6�
109 dm3mol�1 s�1;[5] ,k� 2.6� 109 dm3mol�1 s�1, this work; the
reasons for this discrepancy are discussed below) governs the
chemistry. At high maleimide concentrations, it becomes
apparent that the time profiles are not identical at all
wavelengths. At shorter wavelengths, the increase in signal
intensity follows the laser (double) pulse shape, while above
350 nm the shape of the increase is rounded, that is, delayed
(Figure 11). The decay is also somewhat slower.


Figure 11. Time profiles and transient spectra (inset) for the self-quench-
ing reaction of maleimide (5.24 mmoldm�3) in acetonitrile, helium purged.
The wavelength region below 300 nm is obscured by the high maleimide
concentration.


This behaviour is typical for a product that decays faster
than it is formed. The effect is more pronounced at longer
wavelengths, which means that the spectrum of the product is
red-shifted relative to its precursor (Figure 11, inset). This
behaviour is also found in the case of N-methyl- and N-
ethylmaleimide, that is, it is not specific to the unsubstituted
maleimide.


Aqueous solutions at low pH: At pH 1, at which the
deprotonation is efficiently suppressed, the behaviour of the
maleimide triplet state corresponds to that in non-aqueous
environments.


One product of the reaction of triplet maleimides with
ground-state maleimides (self-quenching) is the radical anion
3 (in this case in its protonated form 4 {pH 1� pKa(4)�
2.85}[8]). The radical cation 7 must also be produced. It
probably deprotonates rapidly to yield 11 and thereby escapes
detection.[5] The spectrum and the lifetime of the maleimide


radical anion 3 and its protonated form 4 differ quite
substantially from the short-lived transient that we are
concerned with here.


This short-lived transient is produced by first-order kinetics
in a reaction with maleimide and then decays rapidly. An
increase in the maleimide concentration also increases the
temporary concentration of this transient. Spectroscopic
reasons limit the maximum applicable maleimide concentra-
tion to �0.01 moldm�3.[21] Under these conditions, however,
the transient does not yet completely dominate the spectrum.
This requires statistical analysis of the entire data set, the so-
called ™global analysis∫. Statistical analysis demands the a
priori formulation of a mechanism. We found that a simple
A 
 B 
 C mechanism is sufficient to explain all data
(Figure 12).[31] The spectrum of A is identical to the initial


Figure 12. Spectra extracted numerically from flash photolysis data. Self-
quenching of triplet maleimide by ground state maleimide. Three runs with
different maleimide concentrations are shown in the main graph, (circles,
squares and triangles) corrected with the actinometry function.[21] Inset:
plot of the observed rate of the first step vs. maleimide concentration with
the rate of the subsequent reaction B 
 C locked to kB
C� 8� 106 s�1. The
slope corresponds to a rate of kA
B� 2.6� 109 dm3mol�1 s�1. The intercept
lies at 0.2� 106 s�1, corresponding to an intrinsic triplet lifetime of 5 �s.


spectrum that is always encountered and which is assigned to
that of the keto form of the maleimide triplet-state 1. The
spectrum of B was found to be identical in shape and
absorbance relative to A and independent of maleimide
concentration. Species B was also found to have the same
lifetime within tight limits (�� 110 ns). The total yield of A
decreases with decreasing ground-state absorbance and was
normalised by using the actinometry function.[21]


The intrinsic decay ofA, which is described by the intercept
in the inset of Figure 12, is 0.2� 106 s�1, and is the same as the
value that was obtained from time-resolved conductometry.
The reason why we had previously obtained a much faster rate
for the intrinsic triplet decay[5] is that the apparent rate of
triplet decay is distorted by the dimer triplet with increasing
maleimide concentrations. This led to a lower rate of self-
quenching and, hence, increased the extrapolated intercept.


The appearance of spectrum B is surprising as it does not at
all agree in shape and lifetime with the product of self-
quenching that was identified earlier (the radical anion 3).[5]


Its rate of formation increases linearly with maleimide
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concentration. The transient B does not appear when triplet-
state maleimides are treated with other electron-donating
quenchers in which the maleimide radical anion has also been
identified as a product.[5]


For these reasons, the spectrum B is assigned to the (short-
lived) triplet state of the maleimide cyclobutane dimer 8. The
corresponding ground state 9 is transparent in the region of
monitoring and, therefore, escapes detection. Yet, GC-MS
analysis has established 9 as a final product (see Experimental
Section and Scheme 6)
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Scheme 6.


Maleimide cyclobutane dimers have already been report-
ed,[9] but without flash photolysis experiments. Put and
De Schryver[9] concluded from the relative quantum yields
of triplet state and cyclobutane dimer formation that ™there is
no additional deactivation after addition of the triplet to a
ground-state molecule∫. The product of addition of a triplet-
state to a ground-state molecule must, however, retain the
triplet multiplicity for a finite time. The lifetime of 110 ns
found here (their experimental conditions,[9] dichloromethane
at 30 �C, would probably lead to even shorter lifetimes than
those observed here) is within the frame of their calculations
of ™no additional deactivation∫.


It is important to stress that the evidence for cyclobutane
dimer formation does not disprove the formation of radical
ions by a concomitant electron-transfer reaction. Indeed, the
spectrum of C (not shown), although weak and, therefore,
noisy, has a maximum around 275 nm as does that of the
protonated maleimide radical anion 4. The spectrum of B
matches the spectrum of the maleimide hydrogen adduct 2
(Figure 13). This spectrum can be produced independently by
two methods: addition of hydrogen atoms which are produced
by pulse radiolysis of aqueous maleimide solutions or by the
reaction of triplet maleimide with 2-propanol (Figure 11). The
hydrogen, alkyl and hydroxyl adduct radicals are not distin-
guishable by their spectra.[8] The dimer triplet 8 contains the
™adduct chromophore∫ twice. This simple approach, which is
supported by the quantum chemical calculations from Table 2,
suggests that the dimer-triplet 8 exhibits twice the oscillator
strength, that is, twice the absorption coefficient. From the


Figure 13. Comparison of the transient spectra of the maleimide-hydrogen
adduct (�: maleimide (2.12 mmoldm�3) in helium-purged 2-propanol, flash
photolysed, normalised to same height as the solid line (––) of
spectrum B) and B (from Figure 10, ––, attributed to the dimer triplet).
Note that the ™bleaching∫ at 290 nm is observed in both cases.


maleimide triplet absorption coefficient,[12] the absorption
coefficient of the hydrogen adduct from pulse radiolysis
(cf. Experimental Section) and the relative absorbance
of A and B, a dimer triplet 8 yield of 51� 10% is calculated.
Put and De Schryver obtained a dimer yield of 25% relative
to the triplet quantum yield with N-butylmaleimide in
dichloromethane.[9] The difference might be caused by the
N-substitution, the solvent or by the decay of some of
the dimer triplets 8 into two monomers [reaction (18),
Scheme 6] rather than into the cyclobutane derivative 9
[reaction (11)].


Implications for photoinitiation
Biradical tetramethylene intermediates (ring-opened cyclo-
butanes) are commonly proposed as initiating species.[17, 32]


Usually, these dimers are supposed to be formed from a donor
and an acceptor. We did not find evidence for these hetero-
dimers,[7] but rather for a symmetrical type that arise from two
maleimide molecules. In fact, the yield of radical ions
increases with increasing electron-donor strength of the
reaction partner.[12] Probably the relative importance of
electron transfer and cycloaddition depends on the relative
donor ± acceptor strength of the reaction partners. In this
respect maleimides have both electron acceptor and donor
properties and undergo cyclobutane formation as well as
electron transfer. Schenck and co-workers found high yields
of dimers only when maleic anhydride was reacted with
electron-deficient olefins, while electron-rich olefins yielded
copolymers.[33]


The dimer triplet 8 decays unimolecularly within the
concentration range of our experiments (0.7 ±
9.9 mmoldm�3) with the same rate, that is, no further reaction
with maleimide was detected. This has also been reported for
other maleimides.[9] A rate of 1� 108 dm3 mol�1 s�1 of a
reaction of the dimer triplet with maleimide would have led
to a 20% increase in dimer triplet decay rate using
10�2 mol dm�3 maleimide instead of 10�3 mol dm�3. An in-
crease of 20% in rate would not have escaped notice. The rate
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of reaction of the dimer triplet with maleimide must therefore
be lower than 1� 108 dm3 mol�1 s�1.


A rate of �1� 108 dm3mol�1 s�1 can still contribute signifi-
cantly to initiation. We expect that addition of the dimer
triplet 8 to a monomer maleimide is not much faster than
propagation. Maleimide propagation is unlikely to be faster
than acrylate propagation (103 ± 104 dm3mol�1s�1)[34] . In neat
maleimide, this would result in a rate �105 s�1, which is much
smaller than the intrinsic decay of the dimer triplet 8 into 9,
107 s�1 (�� 110 ns). Therefore, the initiation efficiency of the
dimer triplet can only be at the most, 1%. To confirm this, the
cyclobutane dimer yield at different N-ethylmaleimide con-
centrations (up to 40 mmoldm�3 in acetonitrile) and constant
UV dose was determined by GC (maleimide itself is not
suitable for GC analysis). The yield is independent of N-
ethylmaleimide concentration. If its precursor, the dimer
triplet, is scavenged by N-ethylmaleimide, the cyclobutane
dimer yield would decrease with increasing N-ethylmaleimide
concentration.


For coating purposes, cyclobutane-dimer formation (��
0.25 ± 0.5) is highly undesirable, because it not only consumes
photons and photoinitiator, but also produces low molecular-
weight migratables (LMWM). Their high yield was not
realised when maleimide-photoinitiated resins were proposed
as a remedy to LMWM formation.[3]


The radical ion path [reaction (10), Scheme 6,�10% yield]
yields two transients, the radical anion 3 and cation 7. The
radical anion does not initiate,[28] whereas the radical cation 7,
does.[28] Indeed, all curing experiments with maleimides as
photoinitiators that were carried out in this institute had
low efficiencies in comparison to conventional photoinitia-
tors.[7]


Conclusion


The photochemistry of maleimides has been shown to include
various reaction types: electron transfer, deprotonation,
hydrogen abstraction and cyclobutane dimer formation. The
reactions put forward in this paper are summarised in
Scheme 1. Three different species have been suggested to
cause the photoinitiation by maleimides and similar systems,
that is, dimer triplets, radical ions, and radicals generated by
hydrogen abstraction.


The present paper has now shown that dimer triplets and
radical ions are formed concomitantly and evidence is given
that dimer triplets are not actively involved in initiation.
Hydrogen abstraction occurs when triplet maleimides are
exposed to suitable hydrogen donors (e.g., alcohols), but does
not play a significant role in neat resins.[5] The maleimide
radical anion does not react with olefins.[28] There only
remains the radical cation as initiating species, and indeed it
was found to give rise to propagating radicals, that is, it was
found to initiate.[28]


Maleimides were considered for use as photoinitiators
because they form radicals with very high rates.[4] The portion
of the maleimide which is not consumed by the photoreaction
copolymerises with the usual radiation-curable monomers


(i.e., acrylates and vinyl ethers), leading to high-quality
transparent and heat resistant materials.[35] However, malei-
mides exhibit low quantum yields[12] and produce large
amounts of by-products. Their high costs and especially their
toxicity[36] limit, in the end, their use in practical applica-
tions.


Experimental Section


Materials : Maleimide (HMI, 98� %, Lancaster), N-ethylmaleimide (Et-
MI, 98� %, Lancaster), 2-nitrobenzaldehyde (ONBA, 99� %, Lancas-
ter), benzophenone-4-carboxylic acid (4BC, 99� , Lancaster), potassium
fluoride (99.5%, Fluka), sodium dihydrogen phosphate monohydrate
(99� %, Merck), di-sodium hydrogen phosphate anhydrous (99� %,
Merck), sodium hydroxide (50% aqueous solution, Baker) and perchloric
acid (60% aqueous solution, Aldrich) were used as received. Water was
purified with a Millipore Milli-Q system, and acetonitrile was obtained
from Riedel ±De Hae»n (gradient grade). To remove oxygen, samples were
purged for 7 min with N2 (5.0, Air Products) or with He (4.6, Linde).


GC, GC-MS : The relative dimer yield (of EtMI) was quantified by GC
(HP5890 II, 15 m Rtx-65TG S-56 column, 50 ± 300 �C at 6 Kmin�1,
retention time 25.5 min). The dimer was identified by its mass spectrum:
MW 250: m/z (%): 250 (100), 235 (21), 151 (63), 125 (82), 108 (38), 80 (62),
52 (56).


Laser flash photolysis : The laser photolysis apparatus was composed of a
308 nm XeCl-excimer laser as excitation source (MINex, LTB Berlin, pulse
train of three pulses of 70%, 20% and 10% of total energy, each with 5 ns
half width within 70 ns, total pulse train energy up to 15 mJ) and a pulsed
xenon short-arc lamp (XBO 450 or 1000, Osram, power supply LPS 1200,
lamp pulser MCP 2010, both Photon Technology International), which
supplied the analyzing light. The transient recording electronics, a photo-
multiplier (1P28, Hamamatsu, which was operated at 900 V, power supply:
PS310, Stanford Research Systems) and a 500 MHz, 2.5 GSs�1 digitizing
storage oscilloscope (TDS620b, Tektronix) guaranteed a time resolution
within the limits set by the excitation pulse. All experiments are carried out
in flow-through cuvettes with 5� 3 mm2 cross section. Attenuation of the
laser pulse energy was performed either with (stacks of) wire mesh filters
(54% transmission) or glass microscope slides. Laser pulse energy was
monitored by a fast photodiode which also supplies the trigger pulse (which
was the rising edge of the (first) laser pulse).[20] All time points in this paper
are given relative to this pulse. Further details have been published
recently.[20, 21]


Some experiments were performed with a similar setup (Laser: Radiant-
Dyes RD-EXC-100, max. 100 mJ, 17 ns pulse width at half maximum),
described elsewhere.[5]


The conductivity detection system was based on a system developed by
Bothe and Janata.[37] It consisted of a custom-made quadratic cross
section (5� 5 mm2) quartz flow-through cuvette with glassy carbon
electrodes (È 3 mm) and a 50 V, 1 ms DC pulse generator (HP 214A,
Hewlett Packard). The voltage drop over a 50 � resistor was amplified ten-
fold by a custom made 400 MHz ±DC amplifier (on basis of a Burr ±Brown
OPA 687).


Biphotonic excitation was investigated using the laser flash photolysis setup
of Dr. H. Gˆrner, Max-Planck-Institut f¸r Strahlenchemie in M¸lheim an
der Ruhr (308 nm, Lambda-Physik EMG 210 MSC, 20 ns pulse width,
100 mJ maximum pulse energy). The recording electronics and further
details of this setup are described elsewhere.[38]


Actinometry : Optical actinometry was performed with benzophenone-4-
carboxylate in alkaline solution (formation of the triplet state with a
quantum yield� of unity, �(340 nm)� 880 m2mol�1).[39] The dependence of
the transient absorbance yield on the ground state absorbance was modeled
as in reference [21].


The conductometric detection system was calibrated with the 2-nitro-
benzaldehyde actinometer (formation of 2-nitrosobenzoic acid,�� 0.5).[22]


The signal is a function of the ground state absorbance and was accounted
for by the formulae published in reference [12]
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Pulse radiolysis : For pulse radiolysis, an 11 MeV linear accelerator that
delivers 100 Gy pulses of 17 ns duration was used. The optical detection
system was essentially identical with that of the laser flash photolysis
apparatus. Dosimetry was performed with N2O-saturated 0.1 moldm�3


aqueous KSCN solutions.[40] The maleimide hydrogen-adduct spectrum
was determined by pulse radiolysis of a nitrogen-degassed solution of
maleimide (0.9 mmoldm�3) in aqueous tert-butanol (0.5 moldm�3) at
pH 1.25 (HClO4). The spectrum was identical to that shown in Figure 11;
�max (�)� 370 nm (130 m2mol�1). For comparison: N-ethylmaleimide
hydrogen adduct:[8] , �max (�)� 400 nm (120 m2mol�1).


Data analysis : Two different computer programs were used to extract
physical values from the data collected: PC-Pro K[41] for the so-called
™global analysis∫, that is, the determination of reaction rates using the
entire experimental wavelength-time-absorbance tensor at once, Table-
Curve 2D Version 5[42] for the pKa-value determination and nonlinear
fitting of the saturation functions.


Quantum chemical calculations : Quantum chemical calculations were
performed by using the density functional theory (DFT) hybrid B3LYP
with 6-31G(d) basis set methods (Gaussian 98W).[43]
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Circular Dichroism of 9,10-Dihydrophenanthrene Derivatives Reveals both
the Absolute Configuration and Conformation: A Novel Approach to
Mislow×s Helicity Rule


Jacek Gawron¬ ski,* Piotr Grycz, Marcin Kwit, and Urszula Rychlewska[a]


Abstract: The absolute configuration
and the conformation of 9,10-trans-di-
substituted 9,10-dihydrophenanthrenes,
known chiral metabolites of phenan-
threne-9,10-oxide, have been deter-
mined by circular dichroism. The abso-
lute configuration assignment is based
on the sign of the long-wavelength
Cotton effect (A-band), which is con-
formation invariant and originates from


benzylic chirality. This provides a new
interpretation of the Mislow biphenyl-
helicity rule for the case of the 9,10-
dihydrophenanthrene chromophore.


The sign of the B-band Cotton effect
reflects the conformation of the biphen-
yl chromophore in 9,10-dihydrophenan-
threnes. It is shown that the origin of
chiroptical properties of 9,10-dihydro-
phenanthrenes is closely related to those
of 5,6-trans-disubstituted 1,3-cyclohexa-
dienes.


Keywords: circular dichroism ¥
configuration determination ¥
conformation analysis ¥
dihydrophenanthrenes


Introduction


Circular dichroism (CD) spectroscopy, along with X-ray
diffraction analysis, is a widely used method for the determi-
nation of absolute configuration.[1] The advantages of the CD
method are the small amounts of sample required and the
simplicity of obtaining the spectra in solution. However,
unlike X-ray diffraction results, CD spectra provide only a
limited amount of structural information. Unless extensive
theoretical calculations of the CD spectra of all possible
conformers of configurational isomers are performed, and the
results compared with the experimental CD curve,[2] the
absolute configuration can only be obtained from simple
analysis of the CD spectrum if the conformation is known.
Conversely, the conformation can be determined if the
absolute configuration of a molecule is known.[3] This notion
is applicable, for example, to the well-known and widely used
CD exciton chirality method,[4] or to the octant rule.[5]


The intrinsic limitation of the information available from
the CD data could be eliminated if Cotton effects, arising by
two different mechanisms from two different electronic
transitions of the same chromophore, were observed and
analyzed. Although such a situation is rare, we anticipated
that a suitable chromophore to test is the bridged-biphenyl


chromophore. This chromophore has received a great deal of
attention, since it represents an important group of organic
compounds whose stereochemistry has been thoroughly
studied by the groups of Mislow[6] and Sandstrˆm.[7] The
absolute configuration of suitably substituted 2,2�-bridged
biphenyls (Figure 1), such as atropisomers when n� 4, or


Figure 1. Bridged biphenyl chromophore: definition of the torsion angle �


(negative for M helicity).


dominant conformers when n� 2 or 3, can be determined by
CD spectroscopy.[8] In the case of 9,10-dihydrophenanthrene
the barrier for enantiomer interconversion is low; the
computed (MM2) planar transition state geometry is
5.25 kcalmol�1 above the molecular geometry of minimum
energy.[9]


Central to this problem is the nonplanarity of the biphenyl
chromophore (D2 symmetry). Its chiroptical properties are
related to the sign and magnitude of the biphenyl twist angle
�.[10] Mislow and co-workers have proposed an experimental
rule for the sign of the Cotton effect of the so-called
conjugation band K (A-band according to Suzuki[11]): a
positive Cotton effect is observed for bridged biphenyls of
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M helicity, which do not carry polar substituents in the
benzene rings[6] and have 0�����90�. The position of the
�max for this transition is highly dependent on the angle �: the
larger the angle � (i.e., the longer the bridge), the more blue-
shifted �max. Typically, for n� 2 � is in the range 17 ± 19� and
�max is at approximately 265 nm, whereas for n� 4 � increases
to 60� and �max is shifted to 235 ± 238 nm.[12] The electronic
transition associated with the A-band is polarized parallel to
the long axis, as determined by linear dichroism studies of
Sagiv et al.[13a] and by polarized fluorescence studies of
Edwards and Simpson.[13b] The location of the intense B-band
appears less sensitive to the changes of the torsion angle �.[14]


This transition is found at around 210 nm and is polarized
perpendicular to the long axis (Figure 2). It is particularly
useful for stereochemical assignments as it generates an
exciton-split Cotton effect through the in-phase and out-of-
phase combinations of the 1Bb transitions.


Figure 2. Polarization directions of the two biphenyl transitions important
for stereochemical assignments. Left: Mislow K-band or Suzuki A-band.
Right: Suzuki B-band.


Results and Discussion


The 9,10-dihydrophenanthrene system (n� 2, Figure 1) is of
exceptional importance as it is found in numerous chiral
compounds of natural[15] and synthetic[16, 17] origin. Although
this system is of lower symmetry (C2), its transition polar-
izations and chiroptical properties were analyzed according to
the biphenyl model. 9,10-Dihydrodiol (1) is the main metab-
olite of phenanthrene,[18] the simplest polycyclic aromatic
hydrocarbon to contain both a K and a bay region (the
structural features associated with carcinogenicity and muta-


genicity).[19] Its absolute configuration was determined by
chemical degradation to a (R,R)-tartaric acid derivative, but
the CD/ORD spectra were assigned to the wrong conform-
er,[20] as later became evident from 1H NMR data of Jerina
et al.[18] These authors stated that ™the sign of the CD band in
the region of 230 nm is diagnostic of the helicity of the
biphenyl chromophore and can be used for the assignment of
absolute configuration if the conformation (...) of the C-9 and
C-10 substituents is known∫.[19]


To demonstrate that there is direct relation between the CD
spectra, the absolute configuration, and the conformation of
9,10-dihydrophenanthrene derivatives, we analyzed the con-
formation and CD spectra of derivatives 1 ± 8 (Table 1). We
also synthesized the optically active 9,10-dihydrophenan-
threnes 9 ± 11, trans-9,10-disubstituted with carbon substitu-
ents, which were hitherto not reported.


We note that the sign of the Cotton effect of the A-band is
solvent/conformation independent without exception (see
also the earlier observation of Armstrong[22]) It is also
documented that a chromophoric substituent in the benzylic
position of a 9,10-dihydrophenanthrene derivative induces
Cotton effects owing to the bichromophoric exciton cou-
pling.[17] Taking these two observations into account we
propose here a reformulation of Mislow×s rule: benzylic
chirality is the primary factor determining the sign of the
270 nm (A-band) Cotton effect in 9,10-dihydrophenanthrenes.
For the absolute configuration shown (Figure 3) the benzylic
chirality is negative (left-handed) and the sign of the A-band
Cotton effect is invariably negative (Table 1), regardless
whether the conformation is diaxial or diequatorial.


A striking similarity is observed between the long-wave-
length Cotton effects of 9,10-dihydrophenanthrenes and 1,3-
cyclohexadienes.[25, 26] In both systems the long-wavelength
transitions are polarized perpendicularly to the molecular C2


axis and have similar excitation energies (ca. 265 nm for 1,3-
cyclohexadienes and ca. 270 nm for 9,10-dihydrophenan-
threnes). The signs of the Cotton effects depend strongly on
the configuration of the allylic substituents in the case of 1,3-
cyclohexadienes or on the configuration of the benzylic
substituents in the case of 9,10-dihydrophenanthrenes. The


Table 1. Comparative Cotton effects of trans-9,10-disubstituted phenan-
threnes.


A-band
(260 ± 275 nm)


B-band
(210 ± 235 nm)


Conformer
(from NMR)[a]


Solvent Ref.


1 � � dieq. P MeOH [b]


1 � � diax. M H2O [21][c]


2 � � dieq. P MeOH [22]
2 � � diax. M H2O [22]
3 � � dieq. P MeOH [19]
4 � � diax. M [d] [23]
5 � � diax. M MeOH [24]
6 � � diax. M dioxane [b]


7 � � diax. M MeOH [19]
8 � � diax. M MeOH [19]


[a] For dominant diequatorial conformer J(9H,10H)� 8 Hz, for dominant
diaxial conformer J(9H,10H)� 6 Hz. [b] This work. [c] Data reported for
(S,S)-enantiomer. [d] 0.025� NH4OAc in H2O.
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Figure 3. Configurational and conformational dependence of A- and
B-band Cotton effects in derivatives of 9,10-dihydrophenantrene (one
enantiomer shown).


Cotton effects in both cases are generated through the
mechanism involving interaction of the � ±�* transition
dipole with the polarizabilities of the allylic (benzylic)
C�X(Y) bonds. A comparison given in Table 2 serves as an
example.


(R,R)-9,10-Dihydroxy-9,10-dihydrophenanthrene (1) in
methanol displays a negative Cotton effect at 270 nm. From
the coupling constant J(9H,10H)� 9.3 Hz measured by us in
CD3OD (satellite band), it is evident that the conformation is
predominantly diequatorial. For the diacetoxy derivative 6
the Cotton effect at 262 nm is also negative despite the
dominant diaxial conformation (J(9H,10H)� 5.1 Hz in
CD3OD and 5.2 Hz in CDCl3 (satellite band)). Likewise, the
diol 13 of R,R configuration displays a negative Cotton effect
at 256 nm in a mostly diequatorial conformation, whereas the
diacetoxy derivative 14 gives an even stronger negative
Cotton effect in a presumably diaxial conformation.[27]


Further support for the A-band Cotton effect of 9,10-
dihydrophenanthrenes originating from the benzylic-bond
polarizability comes from the exceptionally large Cotton
effects of derivatives 4 (����25 at 273 nm)[23] and 8 (���


�43.5 at 274 nm).[19] These derivatives are substituted with
highly polarizable benzylic axial C�S and C�Br bonds,
respectively.


Solvent-induced changes of the conformation of 9,10-
dihydrophenanthrene derivatives bearing small hydroxy
group(s) have been observed. Dominance of the diequatorial
P conformer is observed in methanol (compounds 1 ± 3 in
Table 1) and in other solvents that allow for intramolecular
hydrogen bonding to stabilize the arrangement of diequato-
rial hydroxy group(s).[22] Water brings about conformational
changes to diaxial conformers (1, 2), presumably by disrupting
intramolecular hydrogen bonding. Our steric energy calcu-
lations at both semiempirical PM3 and B3LYP/6-31G(d,p)[28]


levels predict that the diequatorial conformer of 1 is at least
3 kcalmol�1 more stable than the diaxial one, solvent effect
not included.


In all these cases the diequatorial to diaxial conformational
change results in a change of sign of the B-band exciton-type
Cotton effect at 235 ± 210 nm (Table 1) from positive (P
helicity) to negative (M helicity). As noted previously by
Jerina[19, 29] and Armstrong,[22] it is just the sign of the short-
wavelength B-band Cotton effects of 9,10-dihydrophenan-
threnes that correctly reports the helicity of the biaryl
chromophore (Figure 3).


To provide additional support for the configurational/
conformational model of optical activity of 9,10-dihydrophe-
nanthrene, we synthesized the hitherto unknown optically
active derivatives 9 ± 11, bearing the carboxy, methoxycar-
bonyl, and hydroxymethyl substituents in a trans configura-
tion. The requisite racemic trans-diacid 9 was obtained from
phenanthrene according to the literature procedure.[30] The
racemate was efficiently resolved by crystallization of the 1:1
salt with (R,R)-N,N�-dibenzyl-trans-1,2-diaminocyclohexane
(15). The (�) enantiomer of the diacid 9 had S,S absolute
configuration, as determined by analysis of the X-ray
diffraction of the salt 9 � 15 (Figure 4, top).


Strikingly, the bulky carboxy substituents occupy the axial
positions in the near-perfect C2-symmetric molecule of diacid
9. The same C2-diaxial structure has been also obtained from
the analysis of the X-ray diffraction pattern of rac-9, which crys-
tallizes as a racemic compound. The torsion angle � of the bi-
phenyl chromophore was �21.5� for the S,S enantiomer of rac-9.


The diester 10 and bishydroxymethyl derivative 11 were
obtained from 9 by standard procedures (diazomethane,
followed by LiAlH4 reduction). X-ray diffraction analysis of
11 (Figure 4, bottom) confirmed the preference of the
benzylic carbon substituents for the axial position in the
9,10-dihydrophenanthrene skeleton. The corresponding tor-
sion angle of the biphenyl, ���21.3�, is very close to that of
9. Independent confirmation for the axial configuration of the
benzylic-carbon substituents in solution has been obtained
from the measurement of the J(9H,10H) coupling constant in
the diester 10 (from the satellite band). Its low value of 3.0 Hz
(in CDCl3) is typical for a diequatorial hydrogen atom
configuration. The diequatorial structure of diacid 9 is less
stable than the diaxial one, according to both B3LYP/6-
31G(d,p) (�E� 1.76 kcalmol�1) and PM3 semiempirical cal-
culations (�E�1.85 kcalmol�1). The torsion angle � calculated
by the DFT method for the diaxial conformer of 9 is �21.6�.


Table 2. Comparison of the long-wavelength Cotton effects (��).


9,10-Dihydrophenanthrene 1,3-Cyclohexadiene[a]


X,Y�OH 1 13
� 7.2 (270 nm)[b] � 10.0 (256 nm)[b]


X,Y�OAc 6 14
� 9.2 (262 nm)[c] � 12.6 (254 nm)[b]


[a] Data from ref. [27], reported for S,S enantiomer. [b] In methanol. [c] In
dioxane.
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Figure 4. Structure of the salt 9� 15 (top) and the diol 11 (bottom) as
determined by X-ray diffraction analysis.


The CD spectra of 9 ± 11 (Figure 5) show in all cases a
negative A-band Cotton effect at approximately 268 nm and a
negative exciton couplet at 232/210 nm due to the B-band
transition. These Cotton effects correspond to the UV
maxima at approximately 268 nm and 210 ± 212 nm, respec-
tively. The data are in full agreement with the general model
of optical activity of 9,10-dihydrophenanthrenes substituted
axially in the benzylic positions, as presented in Figure 3 and
Table 1. In the light of these data the published[7c] CD data for
trans-9,10-dimethyl-9,10-dihydrophenanthrene (12), which
are of mirror image to those of 9 ± 11, strongly suggest that
the absolute configuration of 12 is not 9S,10S as postulated,
but rather 9R,10R (ent-12). This statement is in agreement
with the results of force-field calculations of Sandstrˆm[7c] and
our B3LYP/6-31G(d,p) energy optimization, both of which
place the diequatorial conformer of 12 in a state of higher
steric energy (by ca. 3 kcalmol�1) than the diaxial one.


Conclusion


We have been able to demonstrate that, in the case of 9,10-
dihydrophenanthrenes, the primary origin of the long-wave-
length Cotton effect (A-band) is not the nonplanarity of the


Figure 5. CD (top) and UV (bottom) spectra of 9,10-dihydrophenantrene
derivatives 9 and 11 in methanol (CD and UV spectra of 10 are nearly
identical to those of 9).


biphenyl chromophore, as stated by Mislow×s rule. Instead, we
propose a new model that correlates the sign of the A-band
Cotton effect with the configuration of benzylic carbon atoms
(Figure 3). The sign of this Cotton effect is conformation
(diequatorial/diaxial, P/M) invariant. On the other hand, the
sign of the B-band Cotton effect, presumably of exciton-
coupling origin, is a sensitive probe of biaryl helicity (P or M).
Summarized, the CD spectrum of a trans-9,10-disubstituted
9,10-dihydrophenanthrene reports both the absolute config-
uration and the conformation of the molecule, thus abolishing
the common belief that a limited amount of stereochemical
information is available from CD measurements.


The present study also confirms the strong preference of
9,10-substituents for a diaxial position, the only exception to
this being the small hydroxy substituent, capable of forming
an intramolecular hydrogen bond with the neighboring
substituent in the equatorial position.


The conclusions from the present study are strengthened by
comparison with the results of the studies by Jerina et al. on
the K-region trans-dihydrodiols from tetracyclic analogues of
9,10-dihydrophenanthrene.[29] Their results fit into the model
of optical activity of 9,10-dihydrophenanthrene presented
here. Further examples are to be published from this
laboratory.


Experimental Section


Computational methods : Semiempirical PM3 and DFT computations were
performed with Gaussian 98.[28]


X-ray diffraction studies (compounds 9� 15, rac-9 and 11)
Crystal data for 9� 15 : It was difficult to obtain crystals of good X-ray
quality. For a crystal grown from ethanol we were able to collect the data
set that revealed the structure, but it could not be refined satisfactorily due
to the poor diffracting power of the crystal and consequent low data-to-
parameter ratio. However, the model provides unequivocal evidence that
(R,R)-diamine 15 associates preferably with the (S,S)-enantiomer of 9.
C36H38N2O4 ¥ 3H2O, Mr� 616.73. Crystal dimensions 0.4� 0.4� 0.3 mm.
X-ray measurements performed using CuK� radiation (�� 1.54178 ä, ��
0.68 mm�1), on a KM4 diffractometer, with a graphite crystal monochro-
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mator in the incident beam. Crystal system: tetragonal, space group P41212,
a� 13.870(2), b� 13.870(2), c� 35.102(7) ä, V� 6752.9(3) ä3, Z� 8,
�calcd� 1.213 gcm�3. Maximum � was 62�, and hkl ranges were: 0/15, 0/15,
0/37, respectively. Of the 4884 reflections collected, 4421 were unique
(Bijvoet pairs not merged) and 1015 were considered as observed with I�
2�(I). Final R value was 0.092 for 1015 observed reflections. The absolute
structure of the crystal was assumed on the basis of the known absolute
configuration of N,N�-dibenzyl-(R,R)-1,2-diaminocyclohexane.


Crystal data for rac-9 : The crystal of rac-9, of approximate dimensions
0.20� 0.25� 0.35 mm, was obtained from ethanol. The X-ray measure-
ments were performed at 295 K with CuK� radiation. Crystal system:
triclinic, space group P1≈, C16H12O4, Mr� 268.26, a� 7.519(2), b� 9.300(2),
c� 9.808(2) ä, �� 68.58(3), 	� 82.25(3), 
� 81.70(3)o, V� 629.3(3) ä3,
Z� 2, �calcd� 1.416 gcm�3, CuK� radiation (�� 1.54178 ä), �� 0.85 mm�1,
KM4 diffractometer,[31] with a graphite crystal monochromator in the
incident beam. Maximum � was 63.1�, and hkl ranges were: �8/8, �10/10,
0/11, respectively. Of the total 2065 reflections measured, 1984 were
unique. Final R value was 0.038 for 1414 observed reflections [I� 2�(I)]
and 0.068 for all data.


Crystal data for 11: The crystal of 11, of approximate dimensions 0.30�
0.30� 0.15 mm, was obtained from ethanol. The X-ray measurements were
performed at 295 K using CuK� radiation. Crystal system: orthorhombic,
space group P212121, C16H16O2, Mr� 240.29, a� 7.1218(7), b� 8.6384(7),
c� 21.108(2) ä, V� 1298.6(4) ä3, Z� 4, �calcd� 1.229 gcm�3, CuK� radia-
tion (�� 1.54178 ä), �� 0.63 mm�1, KM4 diffractometer,[31] with a graphite
crystal monochromator in the incident beam. Maximum � was 65.1�, and
hkl ranges were: �8/8, 0/10, 0/24, respectively. Of the total 2992 reflections
measured, 2202 were unique (Bijvoet pairs not merged). Final R value was
0.035 for 2018 observed reflections [I� 2�(I)] and 0.041 for all data.
Although the value of the Flack parameter[32] (0.006) indicates that the
chosen enantiomorph is the correct one, the standard uncertainty (0.282) of
this parameter indicates its weak inversion-distinguishing power. Since 11
was obtained from the (�)-enantiomer of 9, its absolute configuration is
known and does not need to be confirmed by X-ray diffraction.


The structures were phased by direct methods (SHELXS86 program[33])
and refined by full-matrix least-squares with the SHELXL97 program.[34] A
Siemens computer graphics program was used to prepare drawings.[35]


Anisotropic thermal parameters were refined for all non-hydrogen atoms.
For rac-9 the hydrogen atoms were located on difference Fourier maps,
while those for 11 were placed at calculated positions (C�H� 0.96 ä),
except for the hydroxyl hydrogen atoms, which were located on a
difference Fourier map. Only the hydroxyl hydrogen atoms were allowed
to refine freely. All remaining hydrogen atoms were refined in a ™riding
model∫ with their Uiso increased by 1.2 compared to Ueq of atoms to which
they were bonded. CCDC-181879, CCDC-181878, and CCDC 185938
contain the supplementary crystallographic data for this paper (rac-9, 11,
and 9� 15, respectively). These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).


(9S,10S)-9,10-Dihydrophenanthrene-9,10-dicarboxylic acid (9): Racemic
diacid 9[30] (1 mmol) and (1R,2R)-N,N�-dibenzyl-1,2-diaminocyclohexane
(15)[36] (1 mmol) were dissolved in ethanol (4.5 mL), and the solution was
left to crystallize. The crystalline 1:1 salt was filtered and recrystallized
from ethanol twice. The salt (m.p. 87 ± 95 �C, yield 80 ± 85%) was treated
with 2� NaOH and extracted with dichloromethane to recover 15 ; the
alkaline solution was then acidified with 4� HCl. The diacid 9 was filtered
and recrystallized from a methanol/water mixture. Yield 95%; m.p. 227 ±
230 �C; [�]20D ��141 (c� 2 in methanol); 1H NMR (300 MHz, CD3OD,
23 �C, TMS): �� 4.34 (s, 2H), 7.26 ± 7.38 (m, 6H), 7.80 (d,3J(H,H)� 7.2 Hz,
2H).


(9S,10S)-9,10-Dihydrophenanthrene-9,10-dicarboxylic acid dimethyl ester
(10): Optically active diacid 9 (1 mmol) in tetrahydrofuran (5 mL) was
methylated with excess diazomethane in diethyl ether. After removal of the
solvents, diester 10 was crystallized from ethanol. Yield 96%; m.p. 117 ±
121 �C; [�]20D ��143 (c� 2 in methanol); 1H NMR (300 MHz, CDCl3,
23 �C, TMS): �� 3.55 (s, 6H), 4.40 (s, 2H), 7.24 ± 7.39 (m, 6H), 7.74
(d,3J(H,H)� 7.7 Hz, 2H).


Enantiomeric excess of 10 was determined by 1H NMR spectra with a
lanthanide-induced-shift reagent, tris[3-(heptafluoropropylhydroxymethy-


lene)-(�)-camphorate]europium in CDCl3. The methyl signals of the
diester 10 were integrated to give ee 90%.


(9S,10S)-9,10-Dihydro-9,10-bis(hydroxymethyl)phenanthrene (11): Di-
ester 10 (1 mmol) in anhydrous diethyl ether (10 mL) was treated portion-
wise with LiAlH4 (2 mmol), and the mixture stirred overnight at room
temperature. Excess LiAlH4 was destroyed by careful addition of water,
followed by 5% HCl. The mixture was extracted with diethyl ether, the
extracts dried (MgSO4), the solvent removed, and the product 11 crystal-
lized from methanol. Yield 78%; m.p. 160 ± 165 �C; [�]20D ��172 (c� 2 in
methanol); 1H NMR (300 MHz, CD3OD, 23 �C, TMS): �� 3.21 ± 3.32 (m,
4H), 3.42 ± 3.47 (m, 2H), 7.22 ± 7.34 (m, 6H), 7.81 (d,3J(H,H)� 7.4 Hz, 2H).
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trans versus geminal Electron Delocalization in Tetra- and Diethynylethenes:
A New Method of Analysis


Maurizio Bruschi,[a, b] Maria Grazia Giuffreda,[a] and Hans Peter L¸thi*[a]


Abstract: trans-Diethynylethene [(E)-
hex-3-ene-1,5-diyne (1a)], geminal-di-
ethynylethene [3-ethynyl-but-3-ene-1-
yne (1b)], and tetraethynylethene [3,4-
diethynyl-hex-3-ene-1,5-diyne (2)] are
flexible molecular building blocks for
�-conjugated polymers with interesting
electronic and photonic properties. The
type of functionalization, the length of
the polymer chain, and the choice of �-
conjugation pattern, play a crucial role
in determining the properties of these
compounds. To rationalize the impact of
the different delocalization pathways in
the various types of isomers (trans or


geminal) on the molecular and electron-
ic structure, a detailed theoretical inves-
tigation is presented. We develop a
method based on the natural bond
orbital (NBO) analysis of Weinhold,
which allows one to correlate electron
delocalization with molecular and elec-
tronic structure observables. The meth-
od reveals that the difference between


trans (or through) and geminal (or cross)
conjugation is not only due to the
vertical � conjugation, but also to the
in-plane � hyperconjugation. The meth-
od is used to correlate the changes in
molecular and electronic observables,
such as the bond lengths or the absorp-
tion frequencies, with the electronic
structure of the compounds under in-
vestigation. Moreover, this method al-
lows us to predict how a certain sub-
stituent will affect the molecular struc-
ture and the electronic properties of a
given backbone.


Keywords: ab initio calculations ¥
conjugation ¥ delocalization energy
¥ molecular devices ¥ natural bond
orbital analysis


Introduction


In the recent past, �-conjugated organic polymers have been
widely explored as advanced materials for electronic and
photonic applications.[1] Many of these compounds have
considerable flexibility, ease of processing, and the possibility
of tailoring material characteristics to match a desired
property. Conjugated organic molecules of multinanometer
length are of particular interest in molecular electronics.[2]


The trans- and geminal-diethynylethenes 1a and 1b (see
Scheme 1), and the tetraethynylethene 2 have been used as
building blocks in the synthesis of polytriacetylenes (PTAs,
�(C�C�CR�CR�C�C)n�;[3] Figure 1). PTAs are a new
member of a class of linearly conjugated polymers with a
nonaromatic backbone, which ranges from polyacetylenes
(PAs; �(CR�CR)n�),[4] through polydiacetylenes (PDAs,
�(C�C�CR�CR)n�),[5] to allotropic carbon polyynes


Figure 1. The geminal (A) and trans (B) PTA tetramers.


(�(C�C)n�). Functionalized 1a,b and 2 backbones are also
extensively investigated in the design of new materials for
molecular devices.[6]


The properties of these compounds strongly depend on the
type of functionalization, the length of the polymer chain, and
the kind of �-conjugation patterns or �-delocalization path-
ways supported by these structures. A detailed knowledge of
electron delocalization and its impact on the parent com-
pounds 1a,b and 2 is therefore important for the rational
optimization of the properties of these linearly conjugated
polymers.
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The electron delocalization can be expressed as the
interaction between occupied fragment molecular orbitals
(MOs) in one part of the molecule with specific unoccupied
fragment MOs in another part of the molecule. According to
this scheme, the electron delocalization can be interpreted as
an intramolecular donor ± acceptor interaction in which the
electron density is transferred from occupied to unoccupied
orbitals. This definition can be applied for both the �


delocalization (or conjugation) and � delocalization (or
conjugation). In this work we will use the term delocalization
to indicate all types of donor ± acceptor interactions.


The natural bond orbital (NBO) theory developed by
Weinhold et al.[7] provides a very useful formalism to study
electron delocalization. In the NBO analysis, the delocalized
(canonical) molecular orbitals are transformed into localized
one-center (core orbitals and lone pairs) and two-center (the
NBOs) orbitals. Hence, the total electron density is repre-
sented as far as possible by localized orbitals; this allows us to
describe the molecules in terms of localized Lewis-type
structures. For the conjugated systems, this picture is obvi-
ously not fully adequate. In the NBO analysis, deviations from
idealized Lewis structures due to conjugation are represented
as donor ± acceptor interactions of localized bonds or lone
pairs with antibonding orbitals (lp��* and ���*). The
delocalization results in lower occupancies of the localized
bonds and lone pairs, and in larger occupancies of the
antibonding orbitals. On the other hand, the delocalization
energies can be determined by deletion of some or all the
antibonding orbitals, followed by diagonalization of the
resulting NBO Fock matrix in the reduced orbital space.
Thus, the NBO analysis can be used to examine delocalization
effects in molecular systems in a semiquantitative way.


The same deletion procedure has been used by
von Schleyer et al.[8] to investigate the hyperconjugation effects
in many molecular systems. An application of the NBO theory
on benzene reveals that the deletion of the �* orbitals
corresponding to the three Kekule¬ double bonds results in a
delocalization energy (E�del) of 147 kcalmol�1.[9] This value is
very high compared to the generally accepted value of
36 kcalmol�1 for the resonance energy of benzene;[10] how-
ever, it is similar to the excitation energy obtained from the
lowest � ±�* transition in the UV spectrum. More recently,
Peyerimhoff et al.[11] have introduced a block-localized wave
function (BLW) method in which the wave function is relaxed
at the level of the Lewis structures. This should avoid the
possible overestimation of the NBO delocalization energies
evaluated at the SCF level without relaxation of the electronic
structures from the Lewis representation. The method has
been applied to compute the resonance stabilization of the
allyl cation and the hyperconjugation effects in propene. The
predicted delocalization energies are less than half of those
calculated using the NBO approach.


Herein we develop a new method based on the NBO theory
to study the electronic structures of 1a,b and 2 (hereafter
referred to as reference or parent molecules). The resulting
parameters will be correlated with observables such as
molecular geometries and excitation energies.


In the Results and Discussion, a detailed description of the
method is presented and discussed. The molecular structures


of 1a,b and 2 are then analyzed with particular attention to
the differences between the cross- and through-delocalization
pathways. In fact, it is well established that the degree of bond
length alternation (BLA) strongly correlates with the extent
of electron delocalization.[12] Hence, the comparison of the
molecular geometries of 1a,b and 2 should give qualitative
information about the differences of electron delocalization.
To exclude artifacts in the data used for the analysis, it is
important to study in great detail the dependence of the
molecular structures on the level of theory applied. Further-
more, in this section we also give theoretical values of some
important electronic properties such as electron affinities,
ionization potentials, and first allowed excitation energies.
The proposed method is then applied to our reference
molecules, and an analysis of the differences in delocalization
energies between the cross- and through-conjugation path-
ways is presented. The electron delocalization is also dis-
cussed in terms of changes in occupation numbers of
antibonding orbitals and the flow of the charge upon orbital
deletion. Finally, some interesting correlations between
molecular and electronic properties with electron delocaliza-
tion are also illustrated and discussed. The results from this
work should give useful guidelines for the rational design of
this class of materials.


Results and Discussion


Analysis of the electron delocalization


Description of the method of analysis : The method developed
for the interpretation of the delocalization in the reference
compounds is based on the NBO analysis of Weinhold.[7] We
use NBOs and compute delocalization energies and changes
in orbital occupancies to determine differences between these
quantities for the set of molecules considered here. The
delocalization energies and fluctuations in orbital occupancies
are determined by deletion of (carefully) selected orbitals and
recomputation of the energy in the reduced orbital space.


In the NBO analysis, the orbitals are labeled according to
the types, that is, core, lone pair, bonding, antibonding, and
Rydberg. In the allotropic �-conjugated carbon compounds
such as 1a,b or 2, there are no lone pairs, and the bonding and
antibonding orbitals can be split into �, �*, �, and �* orbitals.
The � orbitals can be further reduced into a component
perpendicular to the molecular plane (��) and a component in
the molecular plane (��) for both the bonding and antibond-
ing orbitals.


The deletion of all the antibonding orbitals and the
recomputation of the energy give a measure of the total
delocalization energy. The difference in the delocalization
energy (�Edel) computed for a pair of isomers A and B should
be exactly equal to the difference of their total energies
(�Etot) as long as there are no contributions from steric strain
or from the error introduced by comparison of energies
determined using nonidentical orbital spaces. Ignoring the
latter term for the time being, we may therefore arrive at
Equation (1) in which �Edel , �Etot , and �Estrain are the


�Edel��Etot��Estrain (1)
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difference between A and B in delocalization, total, and strain
energies, respectively. For the compounds studied, we can
assume that �Estrain is very small compared to �Edel and can
therefore be neglected.


At this point, Edel can be broken down into two contribu-
tions [Eq. (2)] in which E� and E� take into account the
delocalization due to the � and � orbitals, respectively.


Edel�E��E� (2)


The possible contributions of the Rydberg orbitals are of
little importance in the present context and can therefore be
ignored. Since the in-plane � orbitals (��) of the molecules
considered here are allowed to interact with the � framework
but not with the perpendicular orbitals (��), we arrive at
Equation (3) in which E�� is defined by Equation (4).


Edel�E���E�� (3)


E�� �E��E�� (4)


Equation (3) can be further expanded to include contribu-
tions from individual localized orbitals. However, in this case
we will be confronted with nonadditivity problems due to the
orbital interactions, and it is not clear whether such an analysis
gives more information than Equation (3). In the present
context we will look at the contributions of the individual
orbitals to the differences in the delocalization energies.
Moreover, our attention will also be focused on local features
such as differences in the bond lengths.


Following the same procedure, we will also study the
change in orbital occupancies upon deletion of antibonding
(acceptor) orbitals. The deletion of an acceptor orbital
followed by recomputation of the new energies in the reduced
space gives important qualitative information about the flow
of charge (or relaxation) associated with the disablement of a
certain delocalization pathway. This approach is equivalent to
the one introduced above, except that now we are tracking
changes in population rather than changes in delocalization
energies.


Discussion and validation of the method of analysis : All the
structures considered in the present study are shown in
Scheme 1. Moreover, for the reference molecules, 1a,b and 2,
and for 3b, the atom labeling is also provided in Scheme 2. For
all these molecular systems, the additivity in Equations (1)
and (3) is well observed. For the pair of isomers 1a and 1b, the
difference in total delocalization energies �Edel calculated by
deleting all the antibonding orbitals at the same time, and the
difference in total energies �Etot are within 0.6 kcalmol�1


using orbitals optimized at the B3LYP/6-31G** level of
theory (see Table 7 for details). For this and later compar-
isons, we assume that the difference in strain (�Estrain)
between the two isomers is zero. It is also noteworthy that
when �Edel is calculated from Equation (3), the deviation in
Equation (1) is still within 0.5 kcalmol�1.


Another very important consideration is the dependence of
the method on the level of theory used to calculate the
energies and NBOs. There are no general rules to define how
NBOs should be generated, and therefore the potential


Scheme 1. The �-conjugated systems studied in the present work.


Scheme 2. Details of atom labeling used in the molecular systems 1a,b, 2,
and 3b.


impact of the choice of the level of theory on the NBOs and
the method proposed has to be carefully analyzed in each
application. For the compounds studied, we actually observe
patterns in the analysis of the charge and energy delocaliza-
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tions, which are due to the systematic errors of the Hartree ±
Fock and the B3LYP methods. For example, when we used the
Hartree ± Fock orbitals and energies, the computed � delo-
calization energies are about 20% lower than those obtained
at the B3LYP level. This is in agreement with the general
observation that the Hartree ± Fock method has a tendency to
overlocalize � orbitals in polyenes, whereas the B3LYP
method has the opposite tendency.[13] However, the differ-
ences between the delocalization energies are usually very
similar.


Application of the method in the present context : The
application of this method consists of a two-step procedure.
Firstly, all the antibonding orbitals are deleted and the energy
is recomputed in the reduced orbital space. The difference
between the SCF energies calculated from the full and
reduced orbital space gives the ×total delocalization energy×
and corresponds to Edel . In the next step, the delocalization
energy is split into � and � contributions by deleting all �*
orbitals perpendicular to the molecular plane and all the �*
and �* orbitals in the molecular plane, respectively. These two
energies correspond to the E�*� and E�*� of Equation (3).
The sum of E�*� and E�*� is labeled E���. Finally, the
delocalization energies are broken down into orbital contri-
butions for each type of bond. The deleted �* antibonding
orbitals are labeled according to the bond they are associated
with, that is, �*D, �*T, and �*� correspond to the �* orbitals of
the C�C bonds and the vertical and in-plane C�C bonds in
1a,b and 2. For the � backbone, �*D, �*S, �*T, �*Hd, and �*Ht


correspond to the � antibonding orbitals of the C�C, C�C,
C�C, �C�H, and �C�H bonds, respectively. The energy
obtained from the sum of all the orbital contributions is
labeled E�orb.


Once again, it should be stressed that our interest is focused
on delocalization energy differences between a pair of isomers,
rather than on absolute delocalization energies.


Molecular and electronic observables : In this section we
report on the experimental and computed data that will be
used for the analysis of the delocalization in these compounds.


Molecular structures: experimental data : To the best of our
knowledge there have been no experimental studies on the
structures of the parent compounds 1a and 1b. On the other
hand, the structures of some derivatives of 2 have been
determined by X-ray diffraction experiments.[14, 15] However,
these structures appear to be strongly influenced by crystal
packing forces resulting in two short and two long C�C bonds
as well as two short and two long C�C bonds. The central C�C
bond range from 1.324 to 1.369 ä in the different derivatives.
Given the uncertainty caused by the solid-state determina-
tion, these experimental geometries do not appear suitable for
comparison with theoretical (gas-phase) geometry determi-
nation. Until now, only a few theoretical studies on 1a,b and 2
have been published.[16, 17]


The molecular structure of the 2-ethynyl-1,3-butadiene (3b,
Schemes 1 and 2) has been determined experimentally using a
gas-phase electron diffraction technique.[18] For this reason, a
calibration of the methods can be provided by comparison of
the experimental geometry of 3b with the geometries
obtained at different levels of theory. Upon inspection of
the results, it appears that the B3LYP functional combined
with the 6-31G** basis set gives the best agreement with the
experimental values and will therefore be extensively used in
the present study (see computational methods for further
discussion). The geometrical parameters of 3b calculated at
different levels of theory are shown in Table 1.


geminal-Diethynylethene (1b): The computed bond lengths
and bond angles of 1a,b and 2 are listed in Table 2. The
structure 3b is similar to 1b with the exception that in the
former an ethynyl group has been replaced by a vinyl group.
On comparison of these two molecules, it was noticed that the
bond lengths remain practically unchanged. It appears, there-
fore, that there is no effect on the structure of the
H2C�C�C�CH moiety when an ethynyl group is replaced
with a vinyl group in a cross-conjugated way.


trans-Diethynylethene (1a): A comparison of the trans and
geminal isomers reveals some interesting features. At the


Table 1. The geometrical parameters [ä and �] of 3b calculated at different levels of theory (see Scheme 2 for atom labels).


HF/6 ± 31G** MP2/6 ± 31G** MP3/6 ± 31G** MP4(SDQ)/6 ± 31G** B3LYP/6 ± 31G** Experiment[a]


C3�C4 1.328 1.352 1.346 1.348 1.350 1.357
C2�C3 1.447 1.436 1.444 1.445 1.435 1.433
C1�C2 1.188 1.223 1.209 1.215 1.210 1.215
C1�Ht 1.057 1.067 1.062 1.063 1.065 1.062
C3�C5 1.478 1.470 1.475 1.476 1.474 1.481
C5�C6 1.321 1.342 1.337 1.340 1.337 1.342
C�Hde1 1.075 1.067 1.083 1.085 1.088 1.091
C�Hde2 1.075 1.067 1.080 1.081 1.086 1.091
C�Hde3 1.075 1.067 1.079 1.080 1.085 1.091
C4�Hdi1 1.075 1.067 1.078 1.080 1.084 1.091
C4�Hdi2 1.075 1.067 1.080 1.081 1.085 1.091
C4�C3�C5 121.45 121.28 121.47 121.45 121.13 122.0
C3�C5�C6 125.70 124.59 124.73 124.95 125.45 126.0
C4�C3�C2 120.07 120.31 120.06 120.24 120.37 120.0
C5�C6�Hde2 119.80 120.98 121.50 121.59 121.48 120.0
C3�C4�Hdi1 121.64 121.47 121.60 121.64 121.66 123.0
C3�C2�C1 179.71 178.48 179.01 179.01 179.10 180.0


[a] Ref. [18].
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B3LYP/6 ± 31G** level it has been found that the C�C and
C�C bond lengths in the trans isomer 1a are 0.003 ä longer
than those in 1b. To study the impact of the � delocalization
on the C�C bond length, the ethylene has been taken as
reference. By comparing the C�C bond lengths obtained for
ethylene (1.330 ä) and for the isomers 1a (1.354 ä) and 1b
(1.351 ä), we found an increase of this bond length of 0.024 ä
for 1a and 0.021 ä for 1b. These variations are rather large
with respect to the 0.003 ä observed between 1a and 1b. The
effect of the electron delocalization on the C�C bond length
appears to be very similar for 1b and 1a despite the different
delocalization pathways (through versus cross). Similar con-
siderations apply to the C�C bond lengths. Once again, the
difference between the C�C bond lengths of 1a and 1b is
small compared to the elongation from the acetylene refer-
ence. Apparently, the length of the double and triple bonds is
not a good hallmark for discriminating between cross and
through electron delocalization in the isomers 1a and 1b.


In contrast to the very similar C�C and C�C bond lengths
discussed above, the single C�C bond length has the largest
difference between 1b and 1a. At the B3LYP level, the C�C
bond length in 1b is 0.018 ä longer than that in 1a. The origin
of this difference will be further investigated below.


Tetraethynylethene (2): In general, it has been found that the
most important difference between 2 and the two isomers 1a
and 1b is a substantial lengthening of the C�C bond at all
levels of theory. In particular, at the B3LYP/6 ± 31G** level
the C�C bond length of 2 is about 0.030 ä longer than the
corresponding lengths in 1a and 1b. On the other hand,
comparison of the C�C and C�C bond lengths of 2 and 1a,
revealed that the triple bond of the former is 0.007 ä longer
than that in the latter, whereas the single bond is 0.002 ä
shorter. Hence, the C�C and C�C bond lengths in 2 are in
between those calculated for 1a and 1b.


Total energy differences (�Etot): The computed total energy
differences between the isomers 1a and 1b are shown in
Table 3. At all levels of theory, 1a is more stable than 1b. The
�Etot value ranges from 2.70 (MP4) to 4.81 kcalmol�1


(B3LYP).


Excitation energies : The first allowed transition energies of
the reference molecules computed using the geometries
optimized at different levels of theory are shown in Table 4.


The computed excitation energies are particularly sensitive to
the molecular geometries. For the isomer 1a, an experimental
value[3a] of the first allowed transition energy is available. By
comparison of the theoretical and experimental results, it has
been found that the best agreement is obtained by using the
structure optimized at the B3LYP/6 ± 31G** level. The first
allowed transition energy difference (�Eexc) between 1a and
1b is equal to 8.30 kcalmol�1, whereas the differences
between 2 and 1a and 1b are equal to 14.29 and
22.59 kcalmol�1, respectively. In all cases, the HOMO�
LUMO transition gives the main contribution to the excited
state.


Molecular ions : The molecular structures of the anions and
cations 1a,b and 2 are listed in Table 5. Significant changes of
the geometries are observed with respect to the neutral
molecules in all the cases considered. For 1b� it has been
found that the C�C bond length is 0.079 ä longer than that in
the neutral species, the C�C bond length is shortened by
0.028 ä and, finally, the C�C bond length is lengthened by
0.025 ä. For 1a� on the other hand, the C�C bond length
increases by 0.066 ä with the respect to the neutral system,


Table 2. The geometrical parameters [ä and �] of 1a, 1b, and 2 calculated at different levels of theory (see Scheme 2 for atom labels).


HF/6 ± 31G** MP2/6 ± 31G** MP3/6 ± 31G** MP4(SDQ)/6 ± 31G** B3LYP/6 ± 31G**
1b 1a 2 1b 1a 2 1b 1a 2 1b 1a 2 1b 1a 2


C3�C4 1.327 1.328 1.345 1.352 1.355 1.381 1.346 1.347 1.367 1.349 1.349 1.369 1.351 1.354 1.384
C2�C3 1.445 1.435 1.438 1.436 1.423 1.426 1.444 1.432 1.437 1.444 1.433 1.436 1.435 1.417 1.424
C1�C2 1.187 1.189 1.187 1.223 1.224 1.225 1.208 1.209 1.207 1.215 1.216 1.216 1.209 1.212 1.210
�C1�Ht 1.057 1.057 1.057 1.063 1.063 1.063 1.062 1.061 1.062 1.063 1.063 1.063 1.065 1.065 1.066
�C4�Hd 1.074 1.076 1.080 1.084 1.078 1.081 1.080 1.083 1.084 1.088
C4�C3�C2 121.60 123.04 121.9 121.54 122.82 121.03 121.47 122.69 121.49 121.62 122.87 121.4 121.65 123.70 121.5
C3�C2�C1 179.48 178.70 178.0 179.55 178.61 178.90 179.37 178.49 178.46 179.64 178.58 178.5 178.82 178.03 177.7
C2�C1�Ht 179.91 179.60 179.4 179.92 179.25 179.79 179.83 179.30 179.56 179.93 179.33 179.6 179.60 179.20 179.3
C3�C4�Hd 120.91 120.24 120.60 119.33 120.76 119.94 120.79 119.81 120.80 119.26


Table 3. The energy difference �Etot [kcalmol�1] between 1a and 1b
calculated at different levels of theory.


�Etot


HF/6 ± 31G** 3.46
B3LYP/6 ± 31G** 4.81
MP2/6 ± 31G** 2.95
MP3/6 ± 31G** 3.39
MP4(SDQ)/6 ± 31G** 2.70
MP2/cc-pVDZ 3.02
MP2/cc-pVTZ 2.76
MP2/cc-pVQZ 2.83


Table 4. The first allowed excitation energy [eV] of 1a,b and 2 calculated
with the ZINDO/S hamiltonian on the geometries optimized at different
levels of theory.


ZINDO//HF/
6 ± 31G**


ZINDO//B3LYP/
6 ± 31G**


ZINDO//MP2/
6 ± 31G**


Experiment[a]


1b 4.801 4.561 4.449
1a 4.501 4.201 4.117 4.18
2 3.899 3.579 3.499


[a] Ref. [3a].
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but less than in the isomer 1b�. Furthermore, the C�C bond
length decreases by 0.036 ä compared to neutral counterpart,
whereas the C�C bond length increases by 0.039 ä. For the
last two bonds, the variation of the bond length is more
pronounced than in the isomer 1b�. In 2�, the C�C bond
length goes from 1.384 ä for the neutral system to 1.450 ä for
the anion with a difference of 0.066 ä (exactly the difference
observed in 1a�). Finally, the C�C bond length shortens by
0.014 ä, whereas the C�C bond lengthens by 0.013 ä.


Despite the opposite charge of the molecules, the structural
differences between the neutral molecules and the cations are
similar to those described for the anions. For the positively
charged species, the lengthening of the C�C and C�C bonds is
generally smaller than those in the anions, whereas the
increase of the C�C bond lengths is larger.


Electron affinities and ionization potentials : The calculated
adiabatic electron affinities (EAs) and ionization potentials
(IPs) are shown in Table 6. A substantial difference between
the EAs of the isomers 1a and 1b has been found by
comparing the values obtained by using the BHandHLYP
functional together with the 6 ± 31G** basis set. In fact, the


EA is positive for 1a and negative for 1b, which means that
the extra electron is bound in the former and unbound in the
latter. As can be easily predicted, the isomer 2 with its
extended delocalization pattern has the highest EA. The
difference between the EAs of 1a and 1b is equal to
5.17 kcalmol�1, whereas those calculated between 2 and 1a
and 1b are equal to 20.69 and 25.85 kcalmol�1, respectively.


The IPs of the reference molecules have been calculated at
the B3LYP/6 ± 31G** level of theory. The highest and lowest
IPs are observed for the structures 1b and 2, respectively. It is
important to note that the IP differences between 1a and 1b,
and between 2 and 1a and 1b are equal to 5.72, 22.88, and
28.60 kcalmol�1, respectively. These values are similar to the
differences observed for the EAs.


Analysis of delocalization and its correlation with molecular
and electronic properties : The delocalization energies have
been calculated by applying the method defined above. These
energies for the reference molecules have been computed at
the B3LYP/6 ± 31G** level of theory and are shown in Table 7.


The �Edel(1a�1b) obtained by deleting all the antibonding
orbitals is 5.42 kcalmol�1 in favor of the trans isomer. This is in
very good agreement with the difference in stability calcu-
lated from the total energies (�Etot(1a�1b)� 4.81 kcalmol�1).


According to Equation (3), the total delocalization energy
can be expressed as a sum of the two components E�*� and
E�*� . By this partition, it appears that the main contribution
to the energy difference �Edel(1a�1b) is due to the � conjuga-
tion, that is, �E�*�(1a�1b) . In fact, as shown in Table 7, the
�E�*�(1a�1b) is 0.35 kcalmol�1 in favor of the geminal isomer
1b, whereas the �E�*�(1a�1b) is 5.45 kcalmol�1 in favor of the
trans isomer 1a. The sum of the �E�*� and �E�*� , that is,
�E���(1a�1b) , is equal to 5.10 kcalmol�1 and matches nearly
perfectly with both �Etot and �Edel .


By inspection of the delocalization energies at the individ-
ual orbital levels, it can be noted that in the � skeleton
significant differences are observed by deleting the �* orbitals
corresponding to the C�C (�*S) and �C�H (�*Hd) bonds. In
fact, the E�*S calculated for the geminal isomer 1b is
15.96 kcalmol�1 higher than that obtained for the trans isomer
1a. This could also be related to the fact that the largest bond
length difference between 1a and 1b is observed for precisely
this particular bond. However, the advantage of the geminal
isomer within the carbon � skeleton is cancelled by the E�*Hd,
which for the trans isomer 1a, has been found to be
12.54 kcalmol�1 higher than that of the isomer 1b. Here also,
a slight difference in the �C�H bond length is observed.


Table 5. The geometrical parameters [ä and �] of 1a, 1b, and 2 anions and
cations calculated at the B3LYP/6 ± 31G** level of theory using the
unrestricted formalism (see Scheme 2 for atom labels).


Anions Cations
1b� 1a� 2� 1b� 1a� 2�


C3�C4 1.430 1.420 1.450 1.406 1.401 1.439
C2�C3 1.410 1.381 1.410 1.404 1.380 1.401
C1�C2 1.237 1.251 1.223 1.219 1.226 1.216
�C1�Ht 1.073 1.080 1.065 1.072 1.073 1.071
�C4�Hd 1.084 1.091 1.086 1.089
C4�C3�C2 121.45 125.49 121.51 119.88 122.08 120.51
C3�C2�C1 174.08 173.57 176.64 179.81 178.28 179.72
C2�C1�Ht 148.06 138.38 165.23 179.79 179.60 179.59
C3�C4�Hd 120.57 116.98 120.40 119.49


Table 6. The adiabatic electron affinities and ionization potentials [eV] of 1a, 1b,
and 2 calculated at different levels of theory.


1b 1a 2


adiabatic electron affinities
B3LYP/6 ± 31G**//B3LYP/6 ± 31G** � 0.489 � 0.133 0.665
B3LYP/6 ± 31�G** Bqc//B3LYP/6 ± 31G** 0.144 0.345 1.017
BhandHLYP/6 ± 31�G** Bqc//B3LYP/6 ± 31G** � 0.157 0.067 0.964


adiabatic ionization potentials
B3LYP/6 ± 31G**//B3LYP/6 ± 31G** 8.549 8.301 7.309


Table 7. The � and � delocalization energies [kcalmol�1] of 1a, 1b, and 2 calculated at the B3LYP/6 ± 31G** level. The number of deleted antibonding orbitals is
shown in parenthesis.


E�*D E�*T E�*D E�*S E�*T E�*Hd E�*Ht E�*� E�*� E�*� E�orb E��� Edel Etot


1a 28.18 (1) 33.33 (2) 14.55 (1) 42.73 (2) 47.49 (2) 20.07 (2) 16.35 (2) 13.47 (2) 53.88 (3) 158.94 (11) 216.17 (14) 212.82 (14) 213.92 (14)
1b 23.14 (1) 29.48 (2) 14.76 (1) 58.69 (2) 46.48 (2) 7.53 (2) 16.66 (2) 10.49 (2) 48.43 (3) 159.29 (11) 207.23 (14) 207.72 (14) 208.50 (14)
�E1a�1b 5.04 3.85 � 0.21 � 15.96 1.01 12.54 � 0.31 2.98 5.45 � 0.35 5.50 5.10 5.42 4.81
2 63.69 (1) 46.42 (4) 28.44 (1) 109.51 (4) 93.28 (4) 32.37 (4) 21.47 (4) 106.12 (5) 295.54 (17) 395.18 (22) 401.66 (14) 403.07 (22)
2-trans 63.69 (1) 29.25 (2) 28.44 (1) 56.15 (2) 46.32 (2) 16.17 (2) 10.98 (2) 82.29 (3)
�E2trans�1a 35.51 � 4.08 13.89 13.42 � 1.17 � 0.18 � 2.49 28.41
2-gem 63.69 (1) 32.43 (2) 28.44 (1) 55.33 (2) 46.58 (2) 16.17 (2) 10.69 (2) 82.86 (3)
�E2gem�1b 40.55 � 2.95 13.68 � 3.36 0.10 � 0.49 0.20 34.43
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Another source of energy difference between the isomers 1a
and 1b is the in-plane �* C�C orbitals (�*�). The �E�*�
amounts to 2.98 kcalmol�1 in favor of 1a. In conclusion, the
total difference in the delocalization energy is controlled by
the �� conjugation; however, the contributions owing to the
energy differences of the �*S and �*Hd orbitals are interest-
ingly high, but due to their opposite effect they cancel each
other.


At the HF level, the same considerations are still valid (data
not shown). As expected, the absolute values of the �


delocalization energies (Edel) are in general smaller to those
obtained at the B3LYP/6 ± 31G** level. Finally, this HF-
inherent underestimation of the � delocalization disfavors the
trans isomer relatively more than the geminal isomer.


For 2, the number of bonding and antibonding orbitals is
larger and, therefore, the computed delocalization energies
are considerably higher. To obtain values directly comparable
with those calculated for 1a and 1b, we compute delocaliza-
tion energies deleting only the three �*� orbitals in a trans or
in a geminal arrangement. As shown in Table 7, the trans and
geminal �*� delocalization energies in 2 do not differ
appreciably. The difference between the ™trans∫ �*� delocal-
ization energy in 2 and that calculated for 1a, that is,
�E�*�(2trans�1a) , is equal to 28.41 kcalmol�1. This value is a
measure for the �� delocalization energy resulting from the
effect of the functionalization of the 1a backbone with two
acetylenic substituents. This can be a useful tool to study the
impact of the functionalization on the electron delocalization
of the �-conjugated molecular systems. This issue will be
addressed in a future study.


The �*� delocalization energy has been further analyzed by
considering the �*D and �*T contributions. Since there is only
one �D orbital in all the three systems (1a, 1b, and 2), the
delocalization energy obtained by deleting the �*D orbital is
directly comparable. The E�*D calculated for 2 is more than
double that calculated for the 1b or 1a backbones. This large
increase of the E�*D suggests that the two additional
acetylenic arms have a strong additive effect in promoting
the � delocalization. On the other hand, the E�*T computed
by deleting the two �*T orbitals in the trans arrangement is
lower than that computed for 1a. This suggests a less efficient
back-donation from �D into �*T when the two acetylenic
groups are added to the trans diethynylethene backbone.


The method described above has also been applied to the
other isomers presented in Scheme 1. Edel , E�*� , and E�*�
contributions as well as the difference in stability calculated
from the total energies are provided in Table 8. For the
isomers 3a,b, 4a,b, and 6a,b the agreement between the


difference in the delocalization and total energies is excellent,
that is, within 1 kcalmol�1. At this point, it should be noted
that both the � and � components contribute to the difference
in stability. For the isomers 3a,b, the �E�*� of 5.95 kcalmol�1


in favor of the trans isomer is mitigated by the �E�*�
contribution of 2.67 kcalmol�1 in favor of the geminal isomer.
Therefore, the decrease of �Etot when comparing 3a,b with
1a,b is mainly due to the differences in the � delocalization
rather than in the � conjugation. In the monofluorinated
isomers 4a,b, both �*� and �*� components favor the trans
isomer; however, the �E�*� decreases to 2.49 kcalmol�1. The
difluorinated compounds 5a,b are the only isomers that
exhibit a significant difference between �Etot and �Edel . The
gem-difluorinated compound 5b is more stable than in the
trans arrangement 5a by 5.28 kcalmol�1. The �Edel correctly
predicts the inversion of the stability, but drastically over-
estimates the energy splitting. The origin of this discrepancy
will be subject to further investigations. In sharp contrast to
the molecules discussed above, the steric strain of 7b is not
negligible. In fact, the B3LYP/6-31G** predicts a nonplanar
structure of C2 symmetry (7bC2) for 7b, whereas at the same
level the planar structure of C2v symmetry (7bC2v) is found to
possess an imaginary frequency and, therefore, is a transition
state. For this reason, a discrepancy between �Etot and �Edel is
expected. Indeed for the isomers 7a and 7bC2, these two
quantities differ by 2.73 kcalmol�1. If we consider the steric
strain of 7a to be negligible, this value could be an estimation
of the steric energy in bC2. The decomposition of Edel into �*�
and �*� reveals that the �E�*� of 9.31 kcalmol�1 in favor of
the trans isomer is partially compensated for by the �E�*� of
4.49 kcalmol�1 in favor of the geminal compound.


A more detailed investigation of the origin of the hyper-
conjugative interactions leading to the � and � delocalization
can be carried out by considering the changes of the � or �


orbital occupations. The variation of the NBO occupations for
1a,b and 2 are shown in Table 9. The �� delocalization


Table 8. The energy differences [kcalmol�1] of the pair of isomers drawn in
Scheme 1 and calculated at the B3LYP/6 ± 31G** level of theory. The
number of deleted antibonding orbitals is provided in parenthesis.


�E�*� �E�*� �E��� �Edel �Etot


3a ± 3b 5.95 (3) � 2.67 (11) 3.28 (14) 3.42 (14) 3.36
4a ± 4b 2.49 (3) 1.29 (11) 3.78 (14) 3.57 (14) 3.67
5a ± 5b � 5.85 (3) � 19.81 (11) � 25.66 (14) � 26.97 (14) � 5.28
6a ± 6b � 0.05 (3) 1.20 (11) 1.15 (14) 1.38 (14) 2.26
7a ± 7b 9.31 (3) � 4.49 (11) 4.82 (14) 4.68 (14) 7.41


Table 9. Changes in the occupation of the � and � orbitals by deleting
selected �* or �* orbitals.


Deleted
orbitals


Orbitals with changes
in occupation


1b 1a 2
Orbital occupation changes


�*� �D 0.110 0.131 0.213
�*D � 0.121 � 0.143 � 0.292
�T 0.061 0.079 0.085
�*T � 0.056 � 0.075 � 0.067


�*s �D 0.005 0.003 0.010
�Hd 0.010 0.001 ±
�T 0.007 0.007 0.008
�� 0.008 0.002 0.009
�S � 0.00 0.004 0.005
�*S � 0.034 � 0.020 � 0.030


�*� �D 0.009 0.010 0.016
�Hd 0.006 0.014 ±
�S 0.001 � 0.00 0.006
�� 0.004 0.001 0.007
�*� � 0.016 � 0.020 � 0.016


�*Hd �D 0.001 0.001 ±
�S 0.004 � 0.00 ±
�� 0.002 0.009 ±
�*Hd � 0.006 � 0.019 ±
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energies are easily attributed to
�T��*D and �D��*T donor ±
acceptor interactions. When the
�*� orbitals of isomer 1b are
deleted, the electron popula-
tion which moves from the �*D


to the �T orbital (0.121) is larger
than that which moves from the
�*T to the �D orbital (0.110).
For the isomer 1a, a similar but
more pronounced transfer is
observed. Therefore, for both
the molecules, there is a net
increase of the �*D orbital oc-
cupation and a corresponding
decrease of the �*T occupancy,
which confirms that the �T


orbitals act as � donors to the
central C�C bond. In com-
pound 2, the occupation of the
�*D orbital is roughly double
that calculated for the isomer
1a. The addition of two acety-
lenic arms to the diethynyl-
ethene backbone leads to an additive effect (actually more
than additive) which is reflected in the �*D occupation. By
considering the variation of the occupation numbers of the
�*D orbitals, the order 1b� 1a� 2 is determined. On the
other hand, for the �*T orbitals, the order becomes 1b� 2�
1a, which means that the �D��*T back-donation of 2 is in
between that obtained for 1a and 1b. Finally, it is noteworthy
that this behavior can be correlated to the differences of the
C�C and C�C bond lengths. Similar considerations have been
observed for the �*S, �*Hd, and �*� orbital occupations. In fact,
the �*S occupation number decreases in the order 1b� 2�
1a ; this agrees with the calculated E�*S and the differences in
C�C bond lengths.


Several donor± acceptor interactions contribute to the
occupation of the �*S orbitals. For 1a,b, the �Hd and ��
orbitals give the strongest donor contribution. However, the
contributions are much lower in 1a.


The differences in occupation of the in-plane � orbitals
(�*�) are controlled by the hyperconjugative interactions with
the � orbitals of the backbones of the molecules. The only
significant difference is in a stronger donor ± acceptor inter-
action with the �Hd orbitals. This means that the functional-
ization with the � donors or acceptors should be most efficient
when this functionalization is positioned at the double bond.
The positioning of the � donor/acceptor at the triple bond will
be less effective.


As outlined above, a strong correlation between the �* and
�* orbital occupations with the corresponding bond length
distances can be observed. To further investigate this critical
point, the occupation of the antibonding orbitals of all the
molecules represented in Scheme 1 (with the exception of the
difluorinated isomers 5a,b) has been considered. The corre-
lation between the �*D occupation numbers and the C�C
bond lengths is shown in Figure 2. A straight line is obtained
with a correlation coefficient of 0.990. However, a similar


correlation is not found for the �*D occupation numbers. This
could suggest that despite the differences in �*D occupation
numbers, the C�C bond lengths depend only (or mainly) on
the occupation of the �* orbitals.


As shown in Figure 3, a linear correlation between the bond
lengths and the �*T occupation is also observed for the C�C
bond. Once again, a similar correlation is not found when �*T


or �*� occupations are plotted against the corresponding bond
lengths. It is noteworthy that the �*S occupation numbers
correlate sufficiently well with the C�C bond lengths as
displayed in (Figure 4); this suggests that besides the �


conjugation, the hyperconjugative delocalization is also
relevant in the C�C bond length difference.


Considering the first allowed excitation energies (�Eexc) of
the isomers 1a and 1b, it appears that the comparison with the
�E�*� is rather satisfactory; in fact, they only differ by
2.88 kcalmol�1. This correlation also exists for the other pairs
of isomers considered (Figure 5). The computed �Eexc are
systematically 2 ± 3 kcalmol�1 higher than the �E�*� . The
origin of this correlation is not yet fully understood.


For the anions and cations of 1a,b and 2, the differences in
the bond lengths can be interpreted on the basis of the
calculated atomic spin densities shown in Table 10. In 1b�, the
unpaired electron is highly localized on the C4 atom (see
Scheme 2 for atom labels). A small ™fraction∫ of the electron
is at the C1 position, whereas the C2 and C3 atoms exhibit a
negligible spin density. In 1a�, the atomic spin densities
indicate that the unpaired electron is more delocalized along
the carbon backbone. In particular, the spin density is high on
the C1 (0.233) and C3 (0.321) atoms and, as in 1b�, it is
negligible at the C2 atoms. The spin density of 2� is
comparable to that of 1a� ; however, it increases on the two
central atoms (C3 and C4) and decreases on the C1 atoms.
The spin densities of the cations are similar to those already
discussed for the anions (see Table 10).


Figure 2. The �*D orbital occupation calculated by the NBO theory at the B3LYP/6 ± 31G** level of theory as a
function of the C�C bond lengths for the molecules represented in Scheme 1. For the molecules with different
C�C bonds, the numbers in parenthesis indicates the specific C�C bond, that is, (1) is the central and (2) is the
peripheral bond.
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The electronic structure of
the anions and cations can also
be interpreted by the NBO
theory. The NBO theory of an
unrestricted system analyzes
separately the � and � density
matrix in two different sets of
natural orbitals. A schematic
representation of the � and �


densities at the NBO level of
theory is shown in Figure 6. The
analysis of the � density of 1b�


reveals that the unpaired elec-
tron is localized on the C4 and
C1 atoms, whereas in 1a� the
electron is localized on the two
C1 atoms. Also in 2�, the un-
paired electron is localized on
the two equivalent C1 atoms. It
is possible to explain the differ-
ences in the bond lengths from
this NBO picture. In fact, in 1b�


the extra electron is localized
on the C4 atom in the pz orbital
perpendicular to the molecular
plane. This results in a reduc-
tion of the C�C bond order and
a corresponding elongation of
the bond. In 1a�, the extra
electron is localized at the C1-
position resulting in a larger
elongation of the C�C bond
and a shorter elongation of the
C�C bond with respect to 1b�.
Finally, in 2�, the extra electron
has two more acetylenic arms to
be delocalized on, and the ef-
fect on all the bond lengths is
therefore rather small.


Conclusion


Herein we present a method to
analyze electron delocalization
in �-conjugated organic com-
pounds such as 1a,b and 2. The
method is not designed to give


absolute values for delocalization energies, but is built to
reproduce differences between structural isomers or between
backbones with different functionalization. These differences
can be correlated with structural features such as changes in
bond length. It is also possible to near-quantitatively predict
shifts in the electronic excitation energies based on the
comparison of conjugation patterns.


With regard to its predictive power, we demonstrate that
the method not only allows us to study the impact of a specific
donor, acceptor, or spacer, but it also helps to identify their
location on the backbone which is most sensitive to the action


Figure 3. The �*T orbital occupation calculated by the NBO theory at the B3LYP/6 ± 31G** level of theory as
function of the of C�C bond lengths for the molecules represented in Scheme 1. For 8, the three nonequivalent
C�C bonds are indicated with the numbers in parenthesis: (1) stands for the C�C bond on the right in Scheme 2,
(2) stands for the C�C bond at the lower left, and (3) stands for the C�C bond at the upper left.


Figure 4. The �*s orbital occupation calculated by the NBO theory at the B3LYP/6 ± 31G** level of theory as
function of the C�C bond lengths for the molecules represented in Scheme 1. The C�C bonds which are in
between C�C and C�C bonds are indicated by �, whereas with C�C bonds which are in between two C�C bonds
are indicted by �. For 8, the three nonequivalent C�C bonds are indicated with the numbers in parenthesis:
(1) stands for the C�C bond on the right in Scheme 2, (2) stands for the C�C bond on the lower left, and (3) stands
for the C�C bond on the upper left.


Table 10. The total atomic spin densities of the anions and cations 1a, 1b,
and 2 calculated at the B3LYP/6 ± 31G** level of theory using the
unrestricted formalism (see Scheme 2 for atom labels).


Anions Cations
1b� 1a� 2� 1b� 1a� 2�


C4 0.728 0.569
C3 0.038 0.233 0.268 0.045 0.209 0.208
C2 � 0.006 � 0.057 � 0.096 � 0.006 � 0.070 � 0.071
C1 0.151 0.321 0.217 0.231 0.383 0.225
Ht 0.008 0.017 � 0.006 � 0.024 � 0.009 � 0.008
Hd � 0.036 � 0.014 � 0.008 � 0.014
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Figure 5. The calculated �Eexc between the trans and geminal isomers as
function of the corresponding �E��.


Figure 6. Schematic picture of the � and � electron density of the localized
NBO orbitals for 1a�, 1b�, and 2�.


of a substituent. In this particular context, the idea of splitting
the electron delocalization into vertical and parallel compo-
nents has proved to be very useful.


By applying the method to the isomers 1a and 1b, we found
that the difference in stability between the cross- and through-
conjugation is controlled by the vertical � delocalization,


whereas the � delocalization plays a very minor role.
However, the analysis of all the other compounds shows that
the � delocalization cannot be neglected. In fact, it is often
used as a way to discriminate between geminal and trans
conjugation. This is confirmed by the significant differences in
the � delocalization at the individual orbital level in 1a and
1b.


The importance of the � delocalization is also supported by
the fact that the largest structural differences between trans
and geminal isomers are not in the � bond lengths but rather
in the � bond lengths. In fact, in the geminal isomers the�C�C
� bonds are consistently longer than those in the trans isomers.


The geminal ± trans delocalization energy gap is reduced in
the isomer 2 relative to 1a,b, as confirmed by the fact that the
C�C and C�C bond lengths fall in between those of 1a and
1b. Furthermore, the two acetylenic substituents act as strong
� donors causing a significant increase of the central C�C
bond length.


Computational Methods


The full geometry optimizations of 3b, 1a,b, and 2 have been performed by
using density functional (DFT) and ab initio approaches. In the ab initio
calculations, the electron correlation has been taken into account by using
the Moller ± Plesset (MP) perturbation theory. Calculations at the second
(MP2), third (MP3), and fourth (MP4 without triple excitation) orders have
been performed by using the 6 ± 31G** basis set of Gaussian orbitals.[19]


Moreover, the basis set convergence has been checked for 1a,b at the MP2
level by using the Dunning correlation consistent basis sets of double,
triple, and quadruple zeta quality.[20] For the DFT calculations,[21] the Becke
three-parameters Lee ± Yang ± Parr (B3LYP) hybrid functional,[22] consist-
ing of the Becke×s exchange functional[23] and Lee, Yang, and Parr×s
correlation functional,[24] has been used together with the 6 ± 31G** basis
set. All the structure optimizations have been performed in the planar
arrangement, which are shown to be pure minima by vibrational analysis. In
order to match a sufficient accuracy of the geometrical parameters, we have
adopted a convergence threshold of 5.0	 10�5 Hartree Bohr�1 or
Hartree Rad�1.


The most appropriate level of theory for the geometry optimizations is
selected by comparing the computed geometrical parameters of 3bwith the
experimental gas-phase electron diffraction structure.[18] The theoretical
and experimental parameters are reported in Table 1. At the Hartree ±
Fock (HF) level, as observed in similar studies (see for example ref. [25]),
the C3�C4 and C1�C2 bond lengths are underestimated by 0.029 and
0.027 ä, respectively. When correlation is taken into account, both the
DFT and ab initio results agree well with the experimental results. In the
worst case, that is, MP3, the C3�C4 bond length is underestimated by
0.011 ä. Similar arguments hold for the C5�C6 bond lengths. All the
correlated methods give values very close to the experimental results, in
fact the difference never exceeds 0.005 ä. For the C2�C3 bond length, the
MP2 and B3LYP models are in perfect agreement with the experiment,
whereas at the MP3 and MP4 levels, this bond length is overestimated by
about 0.010 ä. All the methods compare reasonably well with the
experiment with the exception of the HF results. In particular, the
B3LYP and MP2 methods predict very similar geometries and they give the
best agreement with the experiment. The calculations performed at the
MP2 level using the correlated consistent basis set of Dunning up to the
quadruple zeta quality (data not shown) indicate that the C�C bond length,
for which with the 6 ± 31G** basis there is the largest difference between
MP2 and B3LYP approaches (0.013 ä), converges to the B3LYP value.
Moreover, it should be noted that, despite the differences in the absolute
values of the bond lengths calculated at different levels of theory, the
changes between the geminal and the trans molecules are always very
similar.
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The excitation energies have been computed by using the semiempirical
intermediate-neglected differential overlap (INDO/S) hamiltonian param-
etrized by Zerner et al.[26] on previously optimized geometries. The active
space contained all the virtual and occupied orbitals (full single CI
calculation).


The adiabatic electron affinities (EAs) and ionization potentials (IPs) have
been calculated as differences between the energies of the neutral and ionic
species at the equilibrium geometries. The B3LYP/6 ± 31G** level of theory
has been used for all structure optimizations. The open shell species have
been calculated by using the unrestricted formalism. The neutral molecules
were optimized (as specified above) in the planar arrangement, whereas
the anions were optimized in a lower nonplanar symmetry. In fact, the
vibrational analysis reveals that the planar geometries are stationary points
with two imaginary frequencies corresponding to a symmetric or asym-
metric bend out-of-plane of the terminal hydrogens. The optimization of
the structures in these two configurations leads to two genuine minima with
an energy difference lower than 0.1 kcalmol�1. The cations have been
optimized in the planar geometries. The vibrational analysis confirmed that
these are pure minima.


For the anions at the equilibrium geometries, single point energy
calculations at the B3LYP/6 ± 31�G** and BHandHLYP/6-31�G**
levels have been performed. The addition of diffuse functions, however,
leads to strong linear dependence in the basis set. This is due to the large
overlap of the diffuse functions centered on the acetylenic carbon atoms. To
avoid this problem, the acetylenic systems have been described by using
bond-centered diffuse functions. The level of theory applied is represented
as follows: B3LYP/6 ± 31�G**//B3LYP/6 ± 31G** for general atoms, and
B3LYP/6 ± 31�G**(Bq)//B3LYP/6 ± 31G**, in which Bq stands for a single
set of diffuse functions centered on the acetylenic bonds. Benchmark
calculations on small molecular systems[27] and by us on nitrobenzenes
(data not shown) have demonstrated that the BHandHLYP functional[28] in
the framework of the DFT theory gives the best result. However, the
B3LYP functional generally overestimates the EAs.


All the calculations have been performed with the Gaussian 98 package.[29]


The natural bond orbital analysis has been performed with the program
NBO 3.1[30] as implemented in Gaussian 98.
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(CuI)3P4S4: Preparation, Structural, and NMR Spectroscopic Characterization
of a Copper(�) Halide Adduct with �-P4S4


Sara Reiser,[a] Gunther Brunklaus,[b] Jung Hoon Hong,[a] Jerry C. C. Chan,[b]�
Hellmut Eckert,*[b] and Arno Pfitzner*[a]


Abstract: (CuI)3P4S4 is obtained by re-
action of stoichiometric amounts of CuI,
P, and S in evacuated silica ampoules.
The yellow compound consists of mono-
meric �-P4S4 cage molecules that are
separated by hexagonal columns of CuI.
(CuI)3P4S4 crystallizes isotypic to
(CuI)3P4Se4 in the hexagonal system,
space group P63cm (no. 185) with a�
19.082(3), c� 6.691(1) ä, V�
2109.9(6) ä3, and Z� 6. Three of the
four phosphorus atoms are bonded to


copper, whereas no bonds between cop-
per and sulfur are observed. The two
crystallographically distinct copper sites
are clearly differentiated by 65Cu magic-
angle spinning (MAS) NMR spectros-
copy. Furthermore, an unequivocal as-


signment of the 31P MAS-NMR spectra
is possible on the basis of homo- and
heteronuclear dipole ± dipole and scalar
interactions. Dipolar coupling to the
adjacent quadrupolar spins 63, 65Cu gen-
erates a clear multiplet structure of the
peaks attributable to P1 and P2, respec-
tively. Furthermore, the utility of a
newly developed two-dimensional
NMR technique is illustrated to reveal
direct connectivity between P atoms
based on (31P ± 31P) scalar interactions.


Keywords: cage compounds ¥ cop-
per ¥ dipole ± dipole interactions ¥
NMR spectroscopy ¥ phosphorus ¥
sulfur


Introduction


The use of copper(�) halides as a preparative tool for the
synthesis of neutral or low-charged phosphorus polymers and
phosphorus ± selenide cage molecules has recently been
established.[1] Thus, the hitherto unknown phosphorus ± sele-
nide molecules P8Se3 and �-P4Se4 could be obtained as their
copper iodide adducts (CuI)2P8Se3 and (CuI)3P4Se4, respec-
tively.[2, 3] Chiral polymeric P4Se4 tubes observed in catena-
(P4Se4)x[4] are transferred to achiral polymers of the same
composition upon embedding them in copper iodide.[5]


Evidently, the reactivity of mixtures of elemental phosphorus
and selenium remains unchanged when the reactions are
performed in copper iodide. However, the uncontrolled
formation of polymeric structures upon lowering the reaction
temperature is suppressed by embedding the reaction prod-


ucts in copper iodide. The formation of adduct compounds
with phosphorus chalcogenide molecules is not restricted to
Cu�. An example of a closely related adduct of the �-P4S4 cage
to another transition metal is [�-P4S4(NbCl5)2].[6] We recently
started to elucidate the utility of CuI as a reaction medium
also for the formation of phosphorus sulfide cages. Previous
attempts to prepare ligand-free �-P4S4 and �-P4S4 from the
elements at low temperatures (T� 100 �C) led to a mixture of
different phosphorus sulfides, containing the above-men-
tioned compounds only as minor reaction products.[7] Poly-
crystalline �-P4S4 has also been obtained by the reaction of
P4S5 and P(C6H5)3 in cold CS2,[8] and its molecular structure
has been derived from 31P NMR spectroscopic data only.[9]


Herein we report the preparation and structural character-
ization of (CuI)3P4S4. The molecular structure of the �-P4S4
cages therein is compared to those in [�-P4S4(NbCl5)2]. In
addition we present a comprehensive solid-state NMR
characterization of this compound, based on state-of-the-art
high-resolution techniques. In this context the recovery of
homo- and heteronuclear dipole ± dipole and scalar interac-
tions is of particular significance for unequivocal peak assign-
ments and for gaining valuable structural information.


Results and Discussion


Crystal structure : The crystal structure of (CuI)3P4S4 was
determined by X-ray diffraction from a single crystal at room
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temperature. A total of 74 parameters including anisotropic
displacement parameters and an inversion twin option were
used to refine (SHELXL97[10]) the model to the final R values
R� 0.0316 and wR� 0.0701 (I� 2�) (see Table 1 for details).
(CuI)3P4S4 crystallizes isotypic to the hexagonal compound
(CuI)3P4Se4. However, a small difference concerning the
distribution of the copper atoms has to be mentioned (vide
infra). Atomic positions are given in Table 2, selected
interatomic distances in Table 3.
(CuI)3P4S4 consists of �-P4S4 cages (Figure 1 a) which are


stacked along [001]. These cage molecules with Cs symmetry
may be derived from the well known P4S3 cage by insertion of
an additional sulfur atom into the basal P3 ring. The shortest
intermolecular distances between the cages are about


d(S1�S3)� 3.3 ä. Three of the
four phosphorus atoms (P1, P2,
P2�) but none of the sulfur
atoms are coordinated to the
copper center (see Table 3 for
distances). Both copper atoms
are located in a distorted tetra-
hedral environment surround-
ed by one phosphorus and three
iodine atoms. These tetrahedra
separate the �-P4S4 cages, both
along the stacks and perpendic-
ular to the stacks (d(S�S)�4ä,
see Figure 1b). The tetrahedra
are arranged to form columns
along the c axis. From Figure 2
it becomes evident that there
exist two crystallographically
different types of such columns,
one of them with the top of the
tetrahedra towards the viewer
and the other one oriented the
opposite way. Both columns
have their building principle in
common. Thus, they can be
described as sections from the
wurtzite structure type, which is
not yet known for pure copper
iodide. The mutual orientation
of the columns has already been


discussed in detail.[3] However, the copper positions are fully
occupied in the crystal structure of (CuI)3P4S4, whereas a
certain disorder of copper is observed in the homologous
compound (CuI)3P4Se4. The better fit of �-P4S4 and the copper
iodide matrix as compared to �-P4Se4 might be an explanation
for this finding.
A comparison of the �-P4S4 cages stabilized by CuI and by


NbCl5,[6] respectively, reveals only slight differences with
respect to bond lengths and angles within the cage molecules.
The �-P4S4 cage in [�-P4S4(NbCl5)2] is coordinated only to two
Nb atoms through P2 and P2�. By contrast, an additional metal


Table 1. Crystallographic data of (CuI)3P4S4.[a]


compound (CuI)3P4S4
Mr [gmol�1] 823.44
crystal size [mm3] 0.24� 0.025� 0.02
crystal system hexagonal
space group P63cm
a [ä] 19.082(3)
c [ä] 6.691(1)
V [ä3], Z 2109.9(6), 6
�calculated [gcm�1] 3.888
�(MoK�) [mm�1] 12.085
diffractometer STOE IPDS, MoK� , �� 0.71073 ä
image plate distance [mm] 60.0
�-range [�], �� [�] � 2��� 186, 1.0
no. of frames 188
exposure time/frame [min] 9.00
2�max [�] 56.34
hkl range � 25� h� 25


� 25� k� 25
� 8� l� 8


no. of reflections 19430
no. of independent reflections, Rint. 1771, 0.1172
no. of reflections with I� 2�(I) 1451
number of parameters 74
refinement program SHELX-97[10]


R (I� 2�(I)), R (all reflections) 0.0316, 0.0403
wR (I� 2�(I)), wR (all reflections)[b] 0.0701, 0.0735
GooF 1.007
inversion twin part 0.18
largest difference peaks ��min, ��max [eä�3] �0.95, 1.72
[a] Further details of the crystal structure investigation can be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (�49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-412533. [b] w� 1/[�2(F 2


o� � (0.0387P)2], P� [max(F 2
o, 0) �2F 2


c ]/3.


Table 2. Atomic coordinates and displacement parameters Ueq
[a] (in ä2)


for (CuI)3P4S4 at 298 K.


Atom Wyckoff x y z Ueq


positions


I1 6c 0.13279(3) x 0.7071(1) 0.0205(2)
I2 12d 0.19860(3) 0.53194(3) 0.08692(8) 0.0225(1)
Cu1 6c 0.12585(7) x 0.3159(3) 0.0237(3)
Cu2 12d 0.33320(5) 0.53916(6) � 0.0155(2) 0.0281(3)
P1 6c 0.2372(1) x 0.2182(5) 0.0202(5)
P2 12d 0.33631(9) 0.4276(1) 0.0725(4) 0.0214(4)
P3 6c 0.4008(1) x 0.3173(4) 0.0222(6)
S1 6c 0.3052(1) x 0.4649(4) 0.0253(5)
S2 12d 0.22096(9) 0.3240(1) 0.0640(4) 0.0260(4)
S3 6c 0.4106(2) x -0.1338(5) 0.0270(6)


[a] Ueq is defined as one third of the trace of the orthogonalized Uij tensor.


Table 3. Selected interatomic distances [ä] and angles [�] for (CuI)3P4S4.


Cu1�I1 2� 2.5755(9) P1�S1 2.099(4)
Cu1�I1 2.621(2) P1�S2 2� 2.102(3)
Cu1�P1 2.224(3) P2�S2 2.098(2)
Cu2�I2 2.595(1) P2�S3 2.116(3)
Cu2�I2 2.598(1) P2�P3 2.256(3)
Cu2�I2 2.664(2) P3�S1 2.075(4)
Cu2�P2 2.238(2) P3�P2 2� 2.256(3)
S1-P1-S2 2� 100.9(1) S1-P3-P2 2� 101.9(1)
S2-P1-S2 108.3(2) P2-P3-P2 83.9(2)
S2-P2-S3 107.8(1) P1-S1-P3 99.7(2)
S2-P2-P3 103.9(1) P1-S2-P2 103.3(1)
S3-P2-P3 87.47(9) P2-S3-P2 90.9(2)
P1-Cu1-I1 2� 109.75(6) P2-Cu2-I2 102.26(9)
P1-Cu1-I1 104.2(1) P2-Cu2-I2 109.66(6)
I1-Cu1-I1 2� 107.74(5) P2-Cu2-I2 112.11(6)
I1-Cu1-I1 116.87(6) I2-Cu2-I2 106.61(4)


I2-Cu2-I2 106.72(4)
I2-Cu2-I2 118.08(5)
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Figure 1. a) Molecular structure and labeling scheme of the Cs-symmetric
�-P4S4 cage molecules formed in (CuI)3P4S4 drawn at the 90% probability
level. b) Arrangement of these molecules to a stack running parallel to
[001] with tetrahedra separating the single cages from each other. The
copper atoms are located within the tetrahedra formed by one P and three I
atoms.


Figure 2. Section of the crystal structure of (CuI)3P4S4. �-P4S4 cages are
coordinated through P1, P2, and P2� to copper atoms within the tetrahedra.
Notice the different orientation of the tetrahedra within different columns.


atom coordinates the cage at the P1 position in (CuI)3P4S4.
However, since the bond lengths within the cages show no
drastic influence due to the different surroundings one can
conclude that the interaction between the phosphorus atoms
and the metal atoms is only weak. A quite different behavior
would be the coordination of a metal atom to the sulfur atoms.
To date there are no examples known regardless of the
composition of the P�S cage. Very recently the first examples
have been reported by using very weakly coordinating anions
and Ag� as a cation.[11] In these compounds P4S3 cages occur
that are coordinated to Ag� by a sulfur atom.


P and S are hard to distinguish by X-ray diffraction
techniques due to their very similar scattering power. Even
if the crystal structure of the title compound is isotypic to the
homologous selenide it was desirable to confirm the diffrac-
tion results by an independent experimental method. Solid-
state NMR spectroscpy was chosen because of its proven
utility to yield structural information in many ternary metal
phosphorus ± chalcogenide systems.[3, 12] Figure 3 shows field-
dependent 65Cu NMR data of (CuI)3P4S4, revealing spectra


Figure 3. 65Cu MAS NMR spectra of (CuI)3P4S4 at a) 7.04 T and b) 11.7 T.
Minor peaks are spinning side bands.


characteristic of strong second-order quadrupolar perturba-
tions. Table 4 summarizes the Hamiltonian parameters ex-
tracted on the basis of detailed lineshape simulations. Based
on the 2:1 intensity ratio the assignment is unambiguous. For
both sites the distortion from the tetrahedral symmetry


caused by Cu�P bonding generates a substantial downfield
chemical shift relative to CuI and significant electric field
gradients at the copper sites. For quadrupolar nuclei in
distorted tetrahedral oxide bonding geometry, values of the
nuclear electric quadrupolar coupling constant (NQCC) may
be correlated with the distortion parameter (shear strain)
[Eq. (1)] reflecting the average deviation from ideal tetrahe-
dral angles. Inspection of Table 3 reveals that both copper
sites have similar distorted tetrahedral geometries. Never-
theless, the � value computed from Equation (1) is signifi-


Table 4. 65Cu NMR-Hamiltonian parameters of (CuI)3P4S4.


�iso [ppm] CQ [MHz] 	 % �


Cu1 415 2.75 0.55 36 0.26
Cu2 337 6.89 0.17 64 0.38
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cantly smaller for Cu1 than that for Cu2, in good agree-
ment with the difference in nuclear electric quadrupolar
coupling constants. This result suggests that semiempirical
correlations such as Equation (1) are even applicable for
more covalent solids than for oxides, at least at a qualitative
level.


��
�6


i�1
tan ��i-109.48 � (1)


Figure 4 shows the 31P MAS-NMR spectra at two different
magnetic field strengths and spinning frequencies, illustrating
the need for very fast spinning in combination with high
magnetic field strengths to reach a satisfactory spectral


Figure 4. 31P MAS NMR spectra of (CuI)3P4S4 at 7.04 T and a spinning
frequency of 15 kHz (a) (spinning side bands (ssb) are indicated) and at
11.7 T and a spinning frequency of 30 kHz (b).


resolution. The three crystallographically distinct phosphorus
sites are clearly differentiable in the spectrum recorded at
202.5 MHz. Both the resonance signals of P1 and P2 are split
into multiplets owing to dipolar and scalar interactions with
the nuclear isotopes 63Cu and 65Cu (both have spin quantum
numbers of 3/2) of the directly bonded copper sites Cu1 and
Cu2, respectively. This effect is well understood theoretically
and arises from the presence of strong nuclear electric
quadrupolar interactions experienced by the copper iso-
topes.[13, 14] These multiplets have been simulated by using
the WSOLIDS simulation package created by Eichele and
Wasylishen neglecting the small differences in the magnetic
dipole moments and the nuclear electric quadrupole moments
of the isotopes 63Cu and 65Cu. Table 5 summarizes the
simulation parameters used to reproduce the experimental
lineshapes. Since the magnitude of the copper quadrupolar
coupling constant is known independently from 65Cu NMR


spectroscopy and since the value of the 31P ± 63,65Cu dipole ±
dipole coupling constant can be computed from the crystal
structure, the only adjustable parameters are the isotropic and
anisotropic components of the scalar interaction tensors. For
Jiso a value of 1230� 10 Hz yielded the best agreement with
the experimental data. In agreement with literature data we
further assumed �J� 500 Hz, however, our simulations have
illustrated that the quality of the fits is not very sensitive to
variations in this parameter. The 31P chemical shifts listed in
Table 5 for the three phosphorus sites can be compared with
solution-state NMR values published for the free-cage
molecule �-P4S4,[15] where P1, P2, and P3 resonate at 174.7,
207.5, and 85.7 ppm, respectively. This comparison reveals that
the coordination with CuI leads to pronounced upfield shift
effects for P1 and P2, whereas the chemical shift of the non-
Cu-bonded P3 site remains nearly unperturbed. Although the
peak assignment in Figure 4 is unambiguous, based on the
dipolar multiplet structure in combination with the 1:2:1 site
multiplicity, further confirmation is desirable. To this end, we
can exploit the potential of high-resolution recoupling tech-
niques to correlate the resonance signals of those 31P spins
that experience significant 31P ± 31P direct dipolar or indirect
(scalar) interactions.[16, 17] Total-through-bond correlation
spectroscopy (TOBSY), which utilizes scalar interactions for
achieving polarization transfer, is particularly well-suited for
this purpose.[18] Using this technique it is possible to detect
selectively correlations between those nuclei that are directly
bonded. Recently, Levitt and co-workers have proposed a
class of pulse sequences RNv


n for efficient dipolar recoupling
or decoupling.[19] Thanks to the flexibility and powerful
features offered by this class of pulse symmetry, some of the
RNv


n pulse symmetries are well-suited for TOBSY-like experi-
ments. For example, recent work in our laboratory has shown
that the construction of a TOBSY-like experiment based on
the R30146 symmetry (R-TOBSY) is a powerful strategy for J-
coupling mediated correlation spectroscopy.[20] Figure 5 shows
this pulse sequence as used in the present study. The 2D
correlation spectrum is shown in Figure 6, which clearly
illustrates the presence of direct P2�P3 and the absence of
P1�P2 and P1�P3 bond connectivities. Besides confirming the
MAS-NMR peak assignment this result indicates the utility of
RTOBSY to select direct bond connectivities in strongly
coupled spin clusters. This feature should make it a very
powerful tool in the structural analysis of crystals, glasses and
other material systems with unknown structures.


Experimental Section


Syntheses : (CuI)3P4S4 was prepared from stoichiometric amounts of CuI, P
(ultra high grade, Hoechst), and S (99.999%, Fluka), molar ratio CuI/P/S�
3:4:4. CuI (�98%, Merck) was purified prior to use by recrystallization


Table 5. 31P NMR-Hamiltonian parameters of (CuI)3P4S4.


�iso [ppm] D [Hz] Jiso [Hz] %


P1 144.9 1235 1230 25
P2 117.3 1258 1230 50
P3 83.2 ± ± 25







FULL PAPER H. Eckert, A. Pfitzner et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4232 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 184232


from concentrated aqueous HI (57%, reinst, Merck). The precipitate was
washed several times with demineralized water and ethanol. The resulting
white powder was dried in a vacuum for several days.[1] The reaction
mixture was slowly heated in evacuated silica ampoules up to 600 �C and
then held for three weeks at 270 �C. After homogenization and a second
annealing period for two more weeks at 270 �C yellow needle-shaped single
crystals suitable for structure determination could be obtained. (CuI)3P4S4
forms much slower than (CuI)3P4Se4 which can be obtained within a few
days. The high viscosity of molten sulfur in this temperature range is
supposed as a reason.


Structure determination : Single-crystal X-ray diffraction intensities were
collected on a STOE IPDS (MoK� (�� 0.71073 ä)) equipped with a
germanium monochromator. Intensity data were corrected for Lorentz and
polarization effects, and a numerical absorption correction was performed
with an ™optimized∫ shape of the crystal. A total of six crystal faces was
used. Minimum and maximum transmission factors were 0.48 and 0.65,
respectively. All data handling was done with the STOE program suite.[21]


Structure solution and refinement was done with the SHELX97 program
package.[10] Inversion twinning was taken into account in the last stage of
the refinement. Crystallographic data are summarized in Table 1. The
DIAMONDprogram package was used for visualization purposes.[22] X-ray
powder techniques (Siemens D5000, CuK�1, �� 1.54051 ä, Si as an external
standard) were employed for purity checks and characterization of powder
samples.


NMR spectroscopy : Solid-state 65Cu MAS NMR spectra were obtained at
142.00 MHz using a Bruker DSX-500 NMR spectrometer. Spectra were
recorded using small flip angles at an rf nutation frequency of 125 kHz, a
relaxation delay of 3s and a MAS rotation frequency of �r� 30000� 2 Hz
in a 2.5 mm fast-spinning probe. Additional low-field data were recorded at
85.22 MHz on a Bruker CXP-300 spectrometer equipped with a 4 mm
MAS-NMR probe (spinning frequency 15 kHz). Lineshape simulation was
carried out using the WINFIT[23] simulation package. All chemical shifts
are reported relative to solid CuI. All 31P solid-state NMR spectra were
obtained on Bruker DSX-400 and 500 NMR spectrometers, equipped with
a 2.5 mm fast-spinning probe, operating at a MAS rotation frequency of
�r� 25000� 2 Hz. For simple 1D spectroscopy, 90� pulses of 2 �s length


were used, followed by a relaxation
delay of 300 s. Spectra were simulated
by using the WINFIT[23] and the
WSOLIDS simulation packages. All
chemical shifts are reported relative to
85% H3PO4.


Solid-state R-TOBSY NMR experi-
ments were carried out at
202.468 MHz, using an rf nutation
frequency of 5�r� 125 kHz. Saturation
combs were applied before the relax-
ation delays for all experiments. The
relaxation delay was adjusted to 420 s
and eight transients were accumulated
for each measurement. The mixing
time was varied from 2 ms to 10 ms to
adjust optimum conditions.
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New Reactions of �-Halocarbanions:
Simple Synthesis of Substituted Tetrahydrofurans


Mieczys¯aw MaÀkosza* and Marek Judka[a]


Dedicated to Professor Waldemar Adam on the occasion of his 65th birthday


Abstract: The treatment of 4-chlorobu-
tyronitrile, 3-chloropropyl phenyl sul-
fone, and other related compounds with
a base afforded �-halocarbanions that
undergo fast intramolecular substitution
of the halogen to produce substituted
cyclopropanes. We found that these
short-lived carbanionic intermediates
can be trapped with active external
electrophilic partners, such as aldehydes,
to give the aldol anions. These anions


then undergo rapid intramolecular sub-
stitution of chloride to produce 2,3-
disubstituted tetrahydrofurans. Under
the right conditions, yields of tetrahy-
drofurans are excellent. Similar reac-
tions with ketones gives 2,2,3-trisubsti-


tuted furans, but this process is usually
less efficient. Ratios between the rates
of intramolecular and intermolecular
processes were qualitatively estimated
by competitive experiments. It was
shown that �-halo and �-trimethylam-
monium substituents substantially in-
crease the kinetic CH acidity of alkane
nitriles and sulfones.


Keywords: aldol reaction ¥ carban-
ions ¥ kinetics ¥ ring formation ¥
tetrahydrofurans


Introduction


Carbanions that contain halogen substitutents are interesting
potential intermediates in organic synthesis. Thanks to the
presence of a strongly nucleophilic carbanionic center as well
as a leaving group in one molecule, such carbanions should be
able to enter a variety of reactions. Indeed, �-halocarbanions
have found wide application in organic synthesis as versatile
active intermediates. The most important reactions of �-
halocarbanions, namely the Darzens condensation,[1] addi-
tions to electrophilic alkenes producing cyclopropanes,[2] and
reactions with nitroarenes resulting in vicarious nucleophilic
substitution of hydrogen,[3] are shown in Scheme 1.
In contrast to �-halocarbanions, reactions of carbanions


that contain halogen atoms in other positions with respect to
the carbanionic center, namely �, �, and �, are practically
limited to intramolecular processes, such as the base-induced
�-elimination that proceeds with a E1cb mechanism[4] and
cyclization to form cyclopropane derivatives.[5, 6] Intermolec-
ular reactions of such halocarbanions are essentially un-
known. It should be mentioned that the majority of examples
of intramolecular substitution giving cyclopropanes are re-
ported for �-halocarbanions generated by the addition of �-


Scheme 1. Typical reactions of �-halocarbanions.


halocarbanions to Michael acceptors[2] (Scheme 1b), or pro-
duced in the course of alkylation of methylenic carbanions
with 1,2-dihaloalkanes.[6] An important group of processes
that proceed with �-halocarbanions are intramolecular sub-
stitution reactions, which are followed by further fast trans-
formations of the initially formed three-membered carbocy-
clic or heterocyclic rings. The Favorski reaction of �-halo-
dialkyl ketones[7] and the Ramberg ±B‰cklund reaction of �-
halodialkyl sulfones[8] belong to this category. The only
reported intermolecular reactions of �- and �-halocarbanions
is reprotonation observed as isotope exchange during mech-
anistic studies of E1cb �-elimination[9] or formation of side-
products in cycloalkylation of methylenic carbanions with 1,3-
dihaloalkanes.[6, 10] In our literature search, we were not able
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to find any intermolecular reactions of �-halocarbanions. In
the only related paper, condensation of the tin enolate of �-
chlorobutyrophenone with aromatic aldehydes to give sub-
stituted tetrahydrofurans in moderate yields was reported; on
the other hand, the lithium enolate of this ketone does not
enter similar reaction with aldehydes.[11]


In our preceding short communication, we reported that
the carbanion of �-chlorobutyronitrile generated under PTC
(phase-transfer catalytic) conditions can be trapped by
external electrophilic reagents, aromatic aldehydes for exam-
ple, to produce the corresponding aldol-type anions which
enter further intramolecular reactions to give 2-aryl-3-cyano-
tetrahydrofurans.[12]


Substituted tetrahydrofuran rings are present in numerous
natural products[13] and there is a great interest in methods of
constructing such rings.[14] The most common strategies that
have been used to construct tetrahydrofuran rings is the
formation of carbon ± oxygen bonds by means of acid-
catalyzed cyclizations.[15] Recently, a variety of functionalized
2-alkylidenetetrahydrofuran derivatives were obtained by
cyclization reactions of 1,3-dicarbonyl dianions and 1,3-bis-
silyl enol ethers.[16] Di- and trisubstituted tetrahydrofurans can
be produced by the oxidation of dienes,[17] and metal-
catalyzed cycloisomerization of allyl propargyl ethers.[18] On
the other hand, there are limited examples of cyclization to
form 2,3-disubstituted tetrahydrofurans.
In this paper, we report a full account of our studies of


reactions of �-halocarbanions with aldehydes and ketones.
This represents a new and general method for the synthesis of
2,3-substituted tetrahydrofurans.


Results and Discussion


Because of the rather low C±H acidity of �-chlorobutyroni-
trile, its deprotonation with concentrated aqueous NaOH
under PTC (phase-transfer catalytic) conditions is rather a
slow process; thus the PTC reactions of this nitrile with
aldehydes were accompanied by partial decomposition of the
latter. As a consequence, the yields of the substituted
cyanotetrahydrofurans reported in our communication,[12]


although usually good, were far from being excellent. In
order to improve the results and expand the scope of this new
synthetic method, we have used stronger bases and also other
precursors of �-halocarbanions. In preliminary experiments,
we found that tBuOK in THF is the most convenient and
efficient base/solvent system for this reaction. Treatment of an
equimolar mixture of 4-chlorobutyronitrile (1) and benzalde-
hyde in concentrated THF solution with tBuOK at �30 �C
resulted in a fast reaction to give the expected 2-phenyl-3-
cyanotetrahydrofuran in 78% yield of isolated product. A
similar reaction proceeded with other aromatic aldehydes and
also cinnamaldehyde. In all cases, yields of the substituted
tetrahydrofurans exceeded 76%. The reaction was equally
efficient when 3-chloropropyl phenyl sulfone (2) and alde-
hydes in THF were treated with tBuOK. The expected 2-aryl-
3-phenylsulfonyltetrahydrofurans were obtained in yields
exceeding 82%. Also tert-butyl-4-chlorobutyrate (3) enters
this reaction to give 2-aryl-3-carbo-tert-butoxytetrahydrofur-


ans (Scheme 2). Yields of these products were somewhat
lower than the 3-cyano- and 3-phenylsulfonyl derivatives, but
were still of preparative value.


Scheme 2. Synthesis of cyclopropanes and tetrahydrofurans through
intramolecular and intermolecular reactions of �-chlorocarbanions.
a) tBuOK, �30 �C, 0.5� solution of 1, 2, 3 in THF.


Under identical conditions, but without aldehydes, all of
these carbanion precursors cyclized to the corresponding
cyclopropanes 1a ± 3a in high yields. The reaction and results
are presented in Scheme 2 and Table 1.


Since there are two competing processes in the reaction
system, namely monomolecular reaction of intramolecular
nucleophilic substitution producing cyclopropanes and bimo-
lecular intermolecular addition as a step in the formation of
tetrahydrofurans, the outcome of this competition should be
affected, inter alia, by concentration and ratio of the reacting
partners.
The results presented in Table1 1 were obtained under


standard conditions: the carbanion precursors and aldehydes
were used in a ratio close to equimolar (1:1.2), whereas the
concentration of the carbanion precursor in the THF solution
was 0.5�. Under such conditions, the reaction of 2 with
benzaldehyde gave the corresponding substituted tetrahydro-
furan 2b exclusively with a yield of 95%. When the
concentration of the reacting species was lower, for example,


Table 1. Reactions of �-chlorocarbanions with aldehydes.[a]


Reactants Products
Y R Cyclo-


propane
% Tetra-


hydrofuran
% trans/cis


ratio


CN 1 ±[b] 1a 89 ± ± ±
CN 1 Ph 1a 21 1b 78 79/21
CN 1 p-ClPh 1a 16 1c 77 79/21
CN 1 p-MePh 1a 14 1d 82 81/19
CN 1 PhCH�CH 1a 15 1e 76 69/31
PhSO2 2 ±[b] 2a 94 ± ± ±
PhSO2 2 Ph 2a 0 2b 95 100/0
PhSO2 2 p-ClPh 2a 15 2c 83 100/0
PhSO2 2 p-MePh 2a 8 2d 88 100/0
PhSO2 2 PhCH�CH 2a 15 2e 82 100/0
PhSO2 2 Et(Me)CH 2a 62 2 f 35 100/0
PhSO2 2 (Me3)C 2a 10 2g 76 100/0[c]


COOtBu 3 ±[b] 3a 76 ± ± ±
COOtBu 3 Ph 3a 15 3b 61 100/0
COOtBu 3 p-ClPh 3a 28 3c 44 100/0
COOtBu 3 p-MePh 3a 32 3d 61 100/0


[a] Notations as in Scheme 2, all reactions, except with aliphatic aldehydes,
were carried out with 0.5� solutions of 1, 2, and 3 in THF. [b] Experiments
without aldehydes. [c] Only one isomer, apparently the trans isomer, was
produced; its geometry was not determined unambiguously.
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the concentration of 2 was 0.1� and 0.05�, the competing
process of intramolecular cyclization become important:
yields of 2b and 2a were 79%, 17% and 74%, 22%,
respectively. Thus, the ratio of the cyclopropanes to tetrahy-
drofurans can be changed in favor of the latter when
aldehydes were used in substantial excess and the reaction
was carried out in more concentrated solutions. For example,
in the reaction of 1 with benzaldehyde, when the concen-
tration of 1 in THF was 1.14� and the ratio 1:benzaldehyde
was 1:2.4, 1a was produced with a high yield of 90%.
The successful synthesis of substituted tetrahydrofurans, as


shown in Scheme 2, indicates that potassium salts of the
corresponding �-chlorocarbanions stabilized with CN, SO2Ph,
and COOtBu groups enter fast intermolecular reactions with
active external electrophilic partners, such as aromatic
aldehydes, to produce aldol anions that subsequently undergo
an intramolecular substitution of the chloride to produce
tetrahydrofurans. In the case of carbanions of 1 and 2, the rate
of intermolecular addition under the standard conditions was
much faster than intramolecular substitution, so substituted
tetrahydrofurans were the dominant products, whereas cyclo-
propanes 1a and 2a were formed in small quantities. On the
other hand, under these conditions, the rate of addition of the
carbanion of 3 to aldehydes was only somewhat higher than its
intramolecular cyclization.
Thus the base-promoted reactions of �-chlorobutyronitrile,


�-chloropropyl phenyl sulfone, and tert-butyl �-chlorobuty-
rate with aromatic aldehydes is an efficient way of synthesiz-
ing 2-aryl-3-substituted tetrahydrofurans. The reaction is less
efficient with aliphatic aldehydes. For instance, in the reaction
of 2 with butyraldehyde under the standard conditions, the
expected substituted tetrahydrofuran was formed in low yield.
A somewhat better result was obtained in the reaction of 2
with 2-methylbutyraldehyde carried out in a more concen-
trated system, namely a 1� solution of 2 in THF with a 35%
yield of 2 f. It appears that the reason for this is the high CH
acidity of the CH2 and CH groups � to the carbonyl group of
the aldehydes. Thus, their deprotonation followed by trans-
formations of the produced enolates dominated compared to
the desired reactions. Indeed, the reaction of 2 with pivalyl
aldehyde gave the expected tetrahydrofuran 2g in a yield
similar to that obtained with aromatic aldehydes.
In the reaction of the �-chlorocarbanions with aldehydes,


the substituted tetrahydrofurans can be formed as two
geometrical isomers. Indeed, in our preliminary communica-
tion, we reported that the PTC reaction of �-chlorobutyroni-
trile (1) with aldehyde gave mixtures of cis and trans isomers
of 2-aryl-3-cyanotetrahydrofurans, the latter being the major
products.[12] Under the conditions used in the present studies,
the reaction of 1 with aldehydes also produced mixtures of cis
and trans tetrahydrofurans in ratios of approximately 4:1,
whereas the other carbanion precursors, 2 and 3, practically
only gave trans isomers of the tetrahydrofurans. There are two
possibilities concerning the factors which control the stereo-
chemical outcome of these reactions: 1) substituted tetrahy-
drofurans, which are still C ±H acids, can undergo epimeriza-
tion under the reaction conditions so the composition of the
products reflects their thermodynamic stability. 2) Epimeri-
zation does not proceed so that the ratio of stereoisomers is


decided by the addition step, which can produce threo and
erythro isomers of the aldol anions that cyclize to trans- and
cis-disubstituted tetrahydrofurans, respectively. In both of
these cases, steric interactions of the aryl groups of aldehydes
and Z groups promote the formation of the less hindered
isomer of the tetrahydrofuran or the aldol. Since this
interaction is the smallest in the case of 1, in which Z is a
small cyano group, substantial amounts of the cis isomers
were formed only in these cases. To clarify which step is
decisive for the stereochemical outcome of the reaction, pure
trans 1b was subjected to the reaction conditions. It gave a
mixture of trans- and cis-1b identical to that produced in the
reaction between 1 and benzaldehyde. Therefore, it appears
that the composition of the product mixture reflects the
thermodynamic stabilities of the isomers. This conclusion is
supported by the observation that the composition of the
mixture of cis- and trans-1b produced according to Scheme 2
is not affected by the reaction time.
The possibility of synthesizing tetrahydrofurans by the


reaction of �-chlorocarbanions with aldehydes depends upon
a delicate balance between intramolecular substitution pro-
ducing cyclopropane ring, which is known to be a very fast
process, and intermolecular addition to the carbonyl groups.
To estimate the relationship between the rates of the
processes involved and the lifetime of the �-chlorocarbanions,
a solution of 1 in THF at low temperature was first treated
with base in THF, and then benzaldehyde was added after a
short time. Even when the base was added at �70 �C and the
mixture treated immediately with benzaldehyde, only the
cyclopropane 1b was produced. A similar result was obtained
in an identical experiment with 2. These observations indicate
that deprotonation and intramolecular cyclization are really
very fast processes that cannot be studied by simple methods.
On the other hand, when �-chlorocarbanion precursor 1 or 2
was treated with base in the presence of benzaldehyde,
practically only the tetrahydrofurans were produced. This
indicates that rate of the addition of these carbanions to
benzaldehyde is much higher than rate of the cyclization. To
estimate the rate of intramolecular substitution of the halogen
with the aldol anion, which leads to a five-membered
tetrahydrofuran ring, the reaction mixture of 2 and benzalde-
hyde upon addition of tBuOK was immediately treated with
MeI, a very active alkylating agent. No traces of the O-
methylated aldol product were observed indicating that this
intramolecular substitution is also a very fast process. The
same results were obtained when trimethylsilyl chloride was
used instead of the MeI. Even when a mixture of 2,
benzaldehyde, and MeI were treated with tBuOK, the
reaction gave exclusively tetrahydrofuran 2b. Thus, intra-
molecular substitution of a moderately active leaving group,
such as chloride, by the alkoxide anion of the aldol to form the
five-membered ring of tetrahydrofuran proceeds much faster
than its intermolecular reaction with very active alkylating
and silylating agents (Scheme 3). Surprisingly, the rate of
cyclization to produce a five-membered ring by intramolec-
ular substitution of the chloro substituent which is a moder-
ately active leaving group, was very high.
Any changes that favor intramolecular substitution or


disfavor the addition should shift the reaction towards the
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Scheme 3. Competition between intermolecular and intramolecular reac-
tions in THF solutions. a) tBuOK, �70 �C; b) PhCHO, c) MeI or Me3SiCl.


formation of cyclopropanes, at the expense of the formation
of tetrahydrofurans. Thus, one can expect that the corre-
sponding �-bromocarbanions, generated from 4-bromobuty-
ronitrile and 3-bromopropyl phenyl sulfone, should cyclize
faster than their chloro analogues. Indeed, the reaction of
these compounds with benzaldehyde in the presence of
tBuOK under the standard conditions (0.5� concentration
of 1 and 2 in THF) gave exclusively the corresponding
cyclopropanes 1a and 2a, while formation of the tetrahydro-
furans was not observed. One should stress that under the
same conditions, the reaction of chlorosulfone 2 with benzal-
dehyde gives the tetrahydrofuran derivative 2b in 95% yield.
When the reaction of these bromocarbanion precursors was
carried out in a more concentrated solution (0.91�) and 50%
excess of benzaldehyde (ratio 1:1.5) was used, namely
conditions that should favor the intermolecular reaction,
compounds 1b and 2b were obtained in a small, but essential,
yield of 25% and 27%, respectively.
The rate of addition of carbanions to the carbonyl group is


strongly affected by steric effects. Usually, additional sub-
stituents at the carbanionic center decelerate this process.
Indeed, the reaction of an equimolar mixture of 4-chloro-2-
phenylbutyronitrile (4) and benzaldehyde under the standard
conditions gave only 1-cyano-1-phenylcyclopropane (4a),
while the formation of the tetrahydrofuran derivative was
not observed. The substituted tetrahydrofuran 4b was only
formed when benzaldehyde was used in a substantial excess,
albeit still in low yield of 9% (Scheme 4).


Scheme 4.


It is known that nucleophilic addition to the carbonyl group
of ketones proceeds more slowly than that to the carbonyl
group of aldehydes. Indeed, attempts to use ketones in the
reaction with �-chlorocarbanions to produce 2,2,3-trisubsti-
tuted tetrahydrofurans were less successful. The reaction of 2
with cyclohexanone, carried out under the standard condi-
tions, which in the reaction with benzaldehyde assures a high
yield 95% of the tetrahydrofuran 2b, gave mostly cyclo-
propane 2a in 84% yield and only 5% of the expected spiro


derivative of cyanophenylsulfonylotetrahydrofuran (2h).
When cyclohexanone was used in a substantial excess, fivefold
relative to 2, and in a concentrated system (concentration of
2� 0.9�), the addition was favored and the yield of 2h
improved to 35%. Under similar conditions and threefold
excess of the ketone, the reaction of 2 with the more
electrophilic �,�,�-trifluoroacetophenone proceeded satisfac-
torily to give 2-trifluoromethyl-2-phenyl-3-phenylsulfonyl-
tetrahydrofuran (2 i) in 70% yield as a mixture of two
geometrical isomers, whereas 2a was formed in 13% yield
(Scheme 5). The mixture was separated by chromatography to
give two products with melting points of 96 �C and 102 �C in a
1:3.4 ratio. The steric structures of these isomers were not
determined.


Scheme 5.


These results confirm that nucleophilic addition to the
carbonyl group of ketones proceeded more slowly than that to
the aromatic aldehydes, whereas the highly electrophilic
ketone �,�,�-trifluoroacetophenone is almost as active as
aldehydes.
Halogen substituents provide stabilizing effects in �-


halocarbanions and facilitate their generation, hence many
reactions of such carbanions can be carried out in the presence
of concentrated aqueous NaOH and phase-transfer catalysts
(PTC conditions). However, nothing is known about carban-
ion-stabilizing effects of halogens in the �-position to the
carbanionic center. The observation that �-chlorobutyroni-
trile reacts via its carbanion under the PTC conditions,[12, 19]


being deprotonated by concentrated aqueous NaOH in the
presence of Q�X�, whereas butyronitrile does not, suggests
that Cl in the � position to the CH2 group exerts a noticeable
carbanion-stabilizing effect. To make a qualitative estimation
of how strong this effect of Cl and some other � substituents is
on the CH acidity of the CH2 group � to CN and SO2Ph, we
measured the rate of base-catalyzed deuterium exchange in
XCH2CH2CH2Y compounds. When Y is CN or SO2Ph, the
exchange takes place at the CH2 group � to Y. For reasons of
simplicity, the time to 50% conversion was measured
(Table 2).
The exchange was carried out in protic media assuring rapid


reprotonation of the generated carbanions so that the
observed rate of deuterium incorporation was limited by the
rate of deprotonation, hence it reflects the kinetic CH acidity.
The results indicate that �-halo substituents do indeed
substantially accelerate the deprotonation rate of butyroni-
trile and propyl phenyl sulfone, hence they exert a strong
carbanion-stabilizing effect. In this series of measurements,
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we have also included the corresponding tetraalkylammoni-
um salts: �-trimethylammonia-butyronitrile chloride,
Cl�Me3N�CH2CH2CH2CN (5), and 3-trimethylammoniaprop-
yl phenyl sulfone chloride, Cl�Me3N�CH2CH2CH2SO2Ph (6).
Interestingly, the deuterium exchange in these compounds
was much faster than for X�Cl, Br, and F. Thus, measure-
ments were made under milder conditions and the corre-
sponding data in Table 2 was recalculated for the general
conditions. The nature of the carbanion-stabilizing action of
the electron-withdrawing substituents in the �-position is
presently unclear.
The observation that the acidity of 3-trimethylammonia


propyl phenyl sulfone chloride (6) is substantially higher than
that of the chlorosulfone 2, whereas the trimethylammonium
substituent is a less efficient leaving group than chloride,
suggested the possibility of obtaining the aldol produced by
addition of the carbanion of 6 to aldehydes. The reaction of 6
with benzaldehyde in the presence of tBuOK under the
standard conditions produced a complicated mixture of
compounds, which was not separated. Attempts to trap the
intermediate aldol with MeI resulted in the formation of
1-phenyl-2-phenylsulfonyl butadiene (6a) in moderate yield.
This diene was obtained as the main product, in 62% yield
when a mixture of 6, benzaldehyde, and MeI was treated with
excess tBuOK. Apparently, the methyl ether produced by
methylation of the aldol undergoes E1cb elimination followed
by the Hofmann elimination of trimethyl amine (Scheme 6).


Scheme 6. Reaction of the carbanion of 3-trimethylammoniapropyl phe-
nyl sulfone with benzaldehyde and methyl iodide. a) tBuOK, b) MeI.


The observation that active electrophiles, such as alde-
hydes, can efficiently trap short-lived �-halocarbanions to
produce substituted tetrahydrofurans have substantial value


for synthesis and open new possibilities that are presently
being explored. Strong effects of halogen and trimethylam-
monium substituents in the �-position that increase the CH
acidity needs further study and rationalization.


Experimental Section


All reactions were performed under argon in oven-dried glassware. THF
was freshly distilled from sodium/benzophenone. 1H NMR and 13C NMR
spectra were recorded on a Varian Gemini 200 MHz and Varian Mercury
400 MHz.


General procedure for the reaction of 1 ± 3 with aldehydes–synthesis of
tetrahydrofurans : A solution of the carbanion precursor 1 ± 3 (2.5 mmol)
and aldehyde (3 mmol) in THF (5 mL) was cooled to �30 �C, and
commercial (99%) potassium tert-butoxide (0.505 g, 4.5 mmol) was added
in 3 ± 4 portions at this temperature. The mixture was stirred for 20 min,
quenched with aqueous NH4Cl (20 mL), and extracted with CH2Cl2. The
organic phase was dried (MgSO4), and the solvent evaporated. The residue
was purified by column chromatography on silica gel or preparative TLC
(hexane/ethyl acetate). Ratio of cyclopropanes 1a ± 3a to tetrahydrofurans
was determined by gas-chromatographic analyses of the mixtures formed in
analogous experiments carried out with diphenyl as an internal standard.


Isotope-exchange experiments : A solution of 10% NaOD in D2O
(prepared by dissolution of Na2O (0.75 g) in D2O (9.2 g)), EtOD (14 g),
and DMSO (10 g) was used. The carbanion precursor (0.5 mmol) was
dissolved in this solution (1.7 g) and stirred at 21 �C for a given time. The
mixture was acidified with dilute HCl, extracted with Et2O, and the product
analyzed by 1H NMR spectroscopy. In the case of the ammonium salts 5
and 6, the acidified mixture was evaporated to dryness, the solid extracted
with DMSO, and the solution analyzed by 1H NMR spectroscopy.


Cyclopropyl cyanide (1a):[20] 1H NMR (200 MHz, CDCl3): �� 0.98 ± 1.18
(m, 4H), 1.30 ± 1.42 ppm (m, 1H).


2-Phenyl-3-cyanotetrahydrofuran (1b):[12] trans Isomer : Oil; 1H NMR
(200 MHz, CDCl3): �� 2.32 ± 2.63 (m, 2H), 2.74 ± 2.97 (m, 1H), 4.06 ± 4.33
(m, 2H) , 4.99 (d, 3J(H,H)� 7.70 Hz, 1H), 7.34 ± 7.48 ppm (m, 5H);
13C NMR (50 MHz, CDCl3): �� 31.71, 37.67, 68.57, 84.25, 120.40, 126.01,
129.14, 129.32, 139.20 ppm.


cis Isomer : Oil; 1H NMR (200 MHz, CDCl3): �� 2.37 ± 2.60 (m, 2H), 3.39 ±
3.48 (m, 1H), 3.97 ± 4.09 (m, 1H), 4.32 ± 4.43 (m, 1H), 5.01 (d, 3J(H,H)�
6.08 Hz, 1H), 7.34 ± 7.47 ppm (m, 5H); 13C NMR (50 MHz, CDCl3): ��
31.96, 37.22, 67.91, 82.10, 119.55, 126.63, 129.03, 129.13, 137.65 ppm.


2-(4-Chlorophenyl)-3-cyanotetrahydrofuran (1c):[12]


trans Isomer : Oil; 1H NMR (200 MHz, CDCl3): �� 2.37 ± 2.52 (m, 2H),
2.74 ± 2.86 (m, 1H), 4.01 ± 4.27 (m, 2H), 4.90 (d, 3J(H,H)� 7.74 Hz, 1H),
7.26 ± 7.47 ppm (m, 4H); 13C NMR (50 MHz, CDCl3): �� 31.63, 37.70, 68.59,
83.56, 120.06, 127.40, 129.50, 134.92, 137.68 ppm.


cis Isomer : Oil; 1H NMR (200 MHz, CDCl3): �� 2.42 ± 2.54 (m, 2H), 3.35 ±
3.45 (m, 1H), 3.97 ± 4.09 (m, 1H), 4.31 ± 4.42 (m, 1H), 4.98 (d, 3J(H,H)�
6.04 Hz, 1H), 7.32 ± 7.46 ppm (m, 4H); 13C NMR (50 MHz, CDCl3): ��
31.93, 37.17, 67.97, 81.48, 119.29, 128.05, 129.26, 134.89, 136.17 ppm.


2-(4-Methylphenyl)-3-cyanotetrahydrofuran (1d):[12]


trans Isomer : Oil; 1H NMR (200 MHz, CDCl3): �� 2.40 (s, 3H), 2.31 ± 2.60
(m, 2H), 3.38 (m, 1H), 4.04 ± 4.32 (m, 2H), 4.96 (d, 3J(H,H)� 7.90 Hz, 1H),
7.20 ± 7.36 ppm (m, 4H); 13C NMR (50 MHz, CDCl3): �� 21.83, 31.69, 37.66,
68.47, 84.23, 120.47, 126.01, 129.97, 136.17, 138.94 ppm.


cis isomer : Oil; 1H NMR (200 MHz, CDCl3): �� 2.41 (s, 3H), 2.40 ± 2.53
(m, 2H), 3.35 ± 3.45 (m, 1H), 3.94 ± 4.07 (m, 1H), 4.27 ± 4.42 (m, 1H), 4.97
(d, 3J(H,H)� 6.22 Hz, 1H), 7.18 ± 7.36 ppm (m, 4H); 13C NMR (50 MHz,
CDCl3): �� 21.82, 31.93, 37.23, 67.83, 82.06, 119.55, 126.57, 129.72, 134.52,
138.82 ppm.


2-(2-Phenylvinyl)-3-cyanotetrahydrofuran (1e):[12]


trans Isomer : oil ; 1H NMR (200 MHz, CDCl3): �� 2.21 ± 2.56 (m, 2H), 2.84
(dt, 3J(H,H)� 8.92 , 7.69 Hz, 1H), 3.97 ± 4.20 (m, 2H), 4.56 ± 4.64 (m, 1H),
6.20 (dd, J� 6.70, 15.88 Hz, 1H), 6.81 (dd, 3J(H,H)� 15.81, 1.12 Hz, 1H),
7.30 ± 7.49 ppm (m, 5H); 13C NMR (50 MHz, CDCl3): �� 31.46, 35.54,
68.18, 83.52, 120.28, 125.99, 127.30, 128.88, 129.21, 134.15, 136.24 ppm.


Table 2. Deuterium exchange of �-substituted butyronitriles and propyl
phenyl sulfones.


Y X t1/2 [s]


CN H 64800
CN Cl 324
CN Br 254
CN Me3N�[b] 13[c]


SO2Ph H 900
SO2Ph F 43
SO2Ph Cl 22
SO2Ph Br 17
SO2Ph Me3N�[b] 1.2[c]


[a] 10% NaOD/D2O (1 part), EtOD (1.4 parts) DMSO (1 part), 21 �C.
[b] In the form of chlorides. [c] Value recalculated from experiments
without DMSO.
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cis Isomer : Oil; 1H NMR (200 MHz, CDCl3): �� 2.37 ± 2.49 (m, 2H), 3.24 ±
3.34 (m, 1H), 3.89 ± 4.01 (m, 1H), 4.17 ± 4.30 (m, 1H), 4.57 ± 4.64 (m, 1H),
6.34 (dd, 3J(H,H)� 6.96, 15.79 Hz ,1H), 6.80 (dd, 3J(H,H)� 1.02, 15.88 Hz,
1H), 7.30 ± 7.52 ppm (m, 5H); 13C NMR (50 MHz, CDCl3): �� 31.70, 35.37,
67.66, 80.64, 119.53, 124.99, 127.45, 128.85, 129.16, 135.06, 136.39 ppm.


Cyclopropyl phenylsulfone (2a):[21, 22] M.p. 33 �C (EtOH); 1H NMR
(200 MHz, CDCl3): �� 0.98 ± 1.09 (m, 2H), 1.31 ± 1.40 (m, 2H), 2.41 ± 2.54
(m, 1H), 7.52 ± 7.70 (m, 2H), 7.89 ± 7.94 ppm (m, 3H).


trans-2-Phenyl-3-phenylsulfonyl tetrahydrofuran (2b): M.p. 84 �C (EtOH);
1H NMR (200 MHz, CDCl3): �� 2.18 ± 2.38 (m, 1H), 2.46 ± 2.60 (m, 1H).
3.65 ± 3.74 (m, 1H), 4.02 (dt, 3J(H,H)� 6.62, 8.75 Hz, 1H), 4.12 ± 4.23 (m,
1H), 5.33 (d, 3J(H,H)� 5.24 Hz, 1H), 7.11 ± 7.28 (m, 5H), 7.49 ± 7.70 (m,
3H), 7.87 ± 7.93 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): �� 28.50,
68.36, 71.10, 80.03, 125.65, 127.92, 128.47, 128.59, 129.35, 133.96, 138.09,
140.27 ppm; elemental analysis calcd (%) for C16H16O3S (288.36): C 66.64,
H 5.59, S 11.12; found: C 66.48, H 5.54, S 11.15.


trans-2-(4-Chlorophenyl)-3-phenylsulfonyl tetrahydrofuran (2c): M.p.
88 �C (EtOH); 1H NMR (200 MHz, CDCl3): �� 2.15 ± 2.35 (m, 1H),
2.43 ± 2.52 (m, 1H), 3.57 ± 3.62 (m, 1H), 4.00 (dt, 3J(H,H)� 6.41, 8.75 Hz,
1H), 5.31 (d, 3J(H,H)� 5.34 Hz, 1H), 7.09 ± 7.27 (m, 4H), 7.51 ± 7.72 (m,
3H), 7.87 ± 7.93 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): �� 28.69,
68.40, 71.09, 79.34, 127.15, 128.59, 128.64, 129.44, 133.73, 134.10, 138.02,
138.85 ppm; elemental analysis calcd (%) for C16H15ClO3S (322.81): C
59.53, H 4.68, S 9.93, Cl 10.98; found: C 59.29, H 4.68, S 9.73, Cl 10.71.


trans-2-(4-Methylphenyl)-3-phenylsulfonyl tetrahydrofuran (2d): M.p.
94 �C (EtOH); 1H NMR (200 MHz, CDCl3): �� 2.30 (s, 3H), 2.18 ± 2.38
(m, 1H), 2.46 ± 2.61 (m, 1H), 3.63 ± 3.72 (m, 1H), 4.00 (dt, 3J(H,H)� 6.51,
8.81 Hz, 1H), 4.11 ± 4.21 (m, 1H), 5.29 (d, 3J(H,H)� 5.13, 1H), 6.99 ± 7.09
(m, 4H) 7.49 ± 7.70 (m, 3H), 7.86 ± 7.92 ppm (m, 2H); 13C NMR (100 MHz,
CDCl3): �� 21.03, 28.51, 68.27, 71.11, 79.99, 125.59, 128.60, 129.14, 129.33,
133.91, 137. 28, 137.67, 138.16 ppm; elemental analysis calcd (%) for
C17H18O3S (302.39): C 67.52, H 6.00, S 10.60, found: C 67.26, H 5.99, S 10.59.


trans-2-(2-Phenylvinyl)-3-phenylsulfonyl tetrahydrofuran (2e): M.p. 71 �C
(EtOH); 1H NMR (200 MHz, CDCl3): �� 2.19 ± 2.38 (m, 1H), 2.47 ± 2.63
(m, 1H), 3.51 ± 3.62 (m, 1H), 3.87 ± 4.11 (m, 1H), 4.81 (dt, 3J(H,H)� 1.04,
6.24 Hz, 1H), 5.92 (dd, 3J(H,H)� 6.29, 15.86 Hz, 1H), 6.36 (dd, 3J(H,H)�
1.02, 15.86 Hz, 1H), 7.17 ± 7.32 (m, 5H), 7.52 ± 7.69 (m, 3H), 7.91 ± 7.97 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): �� 28.18, 67.73, 68.86, 79.37, 126.49,
126.63, 127.95, 128.46, 128.60, 129.38, 131.99, 134.03, 135.84, 138.18 ppm;
elemental analysis calcd (%) for C18H18O3S (314.40): C 68.77, H 5.77, S
10.20; found: C 68.49, H 5.79, S 10.17.


Synthesis of 2-alkyl-3-phenylsulfonyl tetrahydrofuran (2 f, 2g): The proce-
dure above was followed with 2 (1 mmol), THF (1 mL), and aliphatic
aldehyde (1.2 mmol).


trans-2-(1-Methylpropyl)-3-phenylsulfonyl tetrahydrofuran (2 f): Oil;
1H NMR (200 MHz, CDCl3): �� 0.76 ± 0.88 (m, 9H), 0.99 ± 1.48 (m, 3H),
1.97 ± 2.17 (m, 1H), 2.31 ± 2.47 (m, 1H), 3.41 ± 3.51 (m, 1H), 3.70 ± 3.96 (m,
1H), 4.20 ± 4.26 (m, 1H), 7.54 ± 7.72 (m, 3H), 7.88 ± 7.94 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): �� 11.76, 13.10, 26.39, 28.80, 38.53, 66.37,
67.62, 81.59, 128.68, 128.75, 129.33, 133.88 ppm; elemental analysis calcd
(%) for C14H20O3S (268.37): C 62.66, H 7.51, S 11.95; found: C 62.42, H 7.44,
S 11.76.


2-tert-Butyl-3-phenylsulfonyl tetrahydrofuran (2g): M.p. 116 �C (EtOH);
1H NMR (200 MHz, CDCl3): �� 0.84 (s, 9H), 1.95 ± 2.17 (m, 1H), 2.36 ±
2.48 (m, 1H), 3.49 (ddd, 3J(H,H)� 1.43, 3.63, 9.48 Hz, 1H), 3.79 ± 3.92 (m,
1H), 4.02 (dt, 3J(H,H)� 1.47, 8.06 Hz, 1H), 4.18 (d, 3J(H,H)� 3.52 Hz,
1H), 7.58 ± 7.75 (m, 3H), 7.94 ± 8.01 ppm (m, 2H); 13C NMR (50 MHz,
CDCl3): �� 26.11, 29.82, 35.24, 66.31, 68.67, 86.41, 129.49, 129.91, 134.47,
138.82 ppm; elemental analysis calcd (%) for C14H20O3S (268.37): C 62.66,
H 7.51, S 11.95; found: C 62.50, H 7.63, S, 12.09.


tert-Butyl cyclopropylcarboxylate (3a): 1H NMR (200 MHz, CDCl3): ��
0.68 ± 0.80 (m, 2H), 0.83 ± 0.91 (m, 2H), 1.41 (s, 9H), 1.43 ± 1.51 ppm (m,
1H); 13C NMR (50 MHz, CDCl3): �� 7.83, 13.98, 28.02, 79.90, 173.92 ppm.


trans-2-Phenyl-3-tert-butoxycarbonyl tetrahydrofuran (3b): Oil; 1H NMR
(400 MHz, CDCl3): �� 1.44 (s, 9H), 2.22 ± 2.35 (m,2H), 2.87 (dt, 3J(H,H)�
7.01 , 8.94 Hz, 1H), 3.99 ± 4.05 (m, 1H), 4.11 ± 4.17 (m, 1H), 4.98 (d,
3J(H,H)� 7.15 Hz, 1H), 7.22 ± 7.40 ppm (m, 5H); 13C NMR (100 MHz,
CDCl3): � � 28.00, 30.50, 53.32, 68.39, 80.99, 83.46, 125.76, 127.55, 128.30,


141.65, 172.49 ppm; elemental analysis calcd (%) for C15H20O3 (248.32): C
72.55, H 8.12; found: C 72.43, H 8.15.


trans-2-(4-Chlorophenyl)-3-tert-butoxycarbonyl tetrahydrofuran (3c): Oil;
1H NMR (400 MHz, CDCl3): �� 1.44 (s, 9H), 2.20 ± 2.35 (m, 2H), 2.77 ±
2.83 (m, 1H), 3.99 ± 4.04 (m, 1H), 4.11 ± 4.16 (m, 1H), 4.95 (d, 3J(H,H)�
7.42 Hz, 1H), 7.30 ppm (s, 4H); 13C NMR (100 MHz, CDCl3): �� 28.02,
30.49, 53.40, 68.42, 81.24, 82.76, 127.18, 128.47, 133.26, 140.17, 172.21 ppm;
elemental analysis calcd (%) for C15H19ClO3 (282.77): C 63.71, H 6.77, Cl
12.54; found: C 63.52, H 6.82, Cl 12.60.


trans-2-(4-Methylphenyl)-3-tert-butoxycarbonyl tetrahydrofuran (3d):
Oil; 1H NMR (400 MHz, CDCl3): �� 1.44 (s, 9H), 2.18 ± 2.35 (m, 2H),
2.33 (s, 3H), 2.85 (dt, 3J(H,H)� 8.97, 7.32 Hz, 1H), 3.97 ± 4.03 (m, 1H),
4.10 ± 4.16 (m, 1H), 4.95 (d, 3J(H,H)� 7.32 Hz, 1H), 7.14 (d, 3J(H,H)�
7.86Hz, 2H), 7.24 ± 7.26 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): ��
21.09, 28.01, 30.53, 53.27, 68.29, 80.93, 83.41, 125.71, 128.98, 137.16,
172.59 ppm; elemental analysis calcd (%) for C16H22O3 (262.35): C 73.25,
H 8.15; found: C 73.20, H 8.57.


The reaction of 2 with cyclohexanone–synthesis of 2,2-pentamethylene-3-
phenylsulfonyl tetrahydrofuran (2h): The procedure given above was
followed with 2 (1.5 mmol), THF (1 mL), and cyclohexanone (0.735 g,
7.5 mmol). Yield of 2h 35%, m.p. 97 �C (EtOH); 1H NMR (400 MHz,
CDCl3): �� 1.19 ± 1.31 (m, 1H), 1.52 ± 1.70 (m, 6H), 1.86 ± 2.13 (m, 4H),
2.45 ± 2.54 (m, 1H), 3.20 (t, 3J(H,H)� 9.33 Hz, 1H), 3.73 ± 3.79 (m, 1H),
3.96 (dt, 3J(H,H)� 4.20 , 8.97 Hz, 1H), 7.55 ± 7.67 (m, 3H), 7.88 ± 7.92 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): �� 21.60, 22.96, 25.21, 28.61, 30.45,
37.34, 63.43, 71.26, 83.78, 128.03, 129.23, 133.58, 140. 59 ppm; elemental
analysis calcd (%) for C15H20O3S (280.38): C 64.26, H 7.19, S 11.43; found: C
64.40, H 7.02, S 11.43.


Synthesis of 2-trifluoromethyl-2-phenyl-3-phenylsulfonyl tetrahydrofuran
(2 i) and 2,3-diphenyl-3-cyano tetrahydrofuran (4b): The procedure given
above was used with the precursors of carbanion 2 or 4 (1 mmol), THF
(0.6 mL), and the carbonyl compound (3 mmol).


2-Trifluoromethyl-2-phenyl-3-phenylsulfonyltetrahydrofuran (2i): Yield 70%


Isomer 1: M.p. 96 �C (EtOH); 1H NMR (200 MHz, CDCl3): �� 2.39 ± 2.56
(m, 1H), 2.72 ± 2.91 (m, 1H), 4.20 (q, 3J(H,H)� 7.69 Hz, 1H), 4.34 (t,
3J(H,H)� 7.69 Hz, 1H), 4.43 ± 4.54 (m, 1H), 7.27 ± 7.64 ppm (m, 10H);
13C NMR (100 MHz, CDCl3): �� 29.61, 67.78, 68.71, 76.49, 86.58, 127.63,
127.98, 128.00, 128.04, 129.12, 129.14, 133.60, 138.90 ppm; elemental
analysis calcd (%) for C17H15F3O3S (356.36): C 57.30, H 4.24; found: C
57.40, H 4.29.


Isomer 2 : M.p. 102 �C (EtOH); 1H NMR (200 MHz, CDCl3): �� 1.93 ± 2.08
(m, 1H), 2.66 ± 2.87 (m, 1H), 3.89 ± 4.07 (m, 2H), 4.42 (dt, 3J(H,H)� 3.41,
8.33 Hz, 1H), 7.41 ± 7.74 (m, 6H), 7.87 ± 8.02 ppm (m, 4H); C1 NMR
(100 MHz, CDCl3): �� 31.80, 67.69, 73.30, 87.47, 127.34, 128.97, 129.11,
129.62, 129.95, 134.66, 137.66, 140.71 ppm; elemental analysis calcd (%) for
C17H15F3O3S (356.36): C 57.30, H 4.24; found: C 57.53, H 4.44.


1-Cyano-1-phenylcyclopropane (4a):[23] 1H NMH (200 MHz, CDCl3): ��
1.41 ± 1.48 (m, 2H), 1.73 ± 1.60 ppm (m, 5H).


2,3-Diphenyl-3-cyano tetrahydrofuran (4b): M.p. 93 �C; 1H NMR
(400 MHz, CDCl3): �� 2.87 ± 3.02 (m, 2H), 4.34 ± 4.45 (m, 1H), 4.52 ±
4.65 (m, 1H), 5.00 (s, 1H), 7.11 ± 7.49 ppm (m, 10H); 13C NMR
(100 MHz, CDCl3): �� 41.13, 55.58, 67.00, 90.04, 119.94, 126.31, 126.54,
127.92, 128.04, 128.51, 128.73, 129.10, 129.37 ppm; HRMS calcd for
C17H15NO: 249.11536; found: 249.11635


1-Phenyl-2-phenylsulfonyl-1,3-butadiene (6a): Potassium tert-butoxide
(0.448 g, 4 mmol) was added in 4 portions to a solution of 6 (0.194 g,
0.7 mmol), benzaldehyde (0.106 g, 1 mmol), and MeI (0.312 g, 2.2 mmol) in
DMF (5 mL) cooled to �30 �C. The mixture was stirred for 2 min,
quenched with aqueous NH4Cl (5 mL), and water (30 mL) was added. The
mixture was extracted with CH2Cl2 (3� 10 mL), the organic solution was
dried, and the solvent was evaporated. The product was purified by
preparative TLC (hexane/ethyl acetate 3:1). Yield of 6a : 0.116 g, 62%;
m.p. 83 �C (EtOH); H1 NMR (200 MHz, CDCl3): �� 5.50 (td, 3J(H,H)�
1.24, 11.72 Hz, 1H), 5.95 (dd, 3J(H,H)� 1.28, 17.91 Hz, 1H), 6.42 (ddd,
3J(H,H)� 1.20, 11.71, 17.84 Hz, 1H), 7.39 ± 7.68 (m, 8H), 7.90 ± 7.96 ppm (m,
3H); 13C NMR (50 MHz, CDCl3): �� 124.43, 126.94, 128.63, 129.16, 129.47,
130.52, 130.95, 133.68, 133.78, 138.60, 139.18, 140.38 ppm; elemental
analysis calcd (%) for C16H14O2S (270.35): C 71.03, H 5.18, S 11.84; found:
C 70.97, H 5.26, S 11.70.
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Photomodulation of the Chiroptical Properties of New Chiral Methacrylic
Polymers with Side Chain Azobenzene Moieties


Luigi Angiolini,[a] Renato Bozio,[b] Loris Giorgini,[a] Danilo Pedron,*[b]
Giovanni Turco,[b] and Alessandro Dauru¡ [b]


Abstract: We have investigated the
photoinduced optical properties of a
new class of chiral methacrylic polymers
characterised by the presence in the side
chain of an optically active pyrrolidinyl
ring linked to a trans-azoaromatic sys-
tem. The homopolymers are enantio-
merically pure and their strong optical
activity indicates that the macromole-
cules assume, both in solution and in
solid thin films, highly homogeneous
conformations with a prevailing chiral-
ity. As expected, the studied polymers


exhibit reversible linear dichroism and
birefringence when irradiated with line-
arly polarised light. By irradiating with
circularly polarised light, we have dis-
covered that it is possible to photomo-
dulate the chiroptical properties of the
polymer films. After irradiation with


L-polarised light, the CD spectra of the
films show a net inversion of their
relative sign. The effect is reversible
and the original shape of the CD spectra
can be restored by pumping with R-po-
larised radiation. This unexpected new
phenomenon can be explained in terms
of the ability of the L-polarised radia-
tion to invert the prevailing helicity of
the polymeric chains. The observed
effect seems to open new possibilities
for the use of azobenzene-containing
materials as chiroptical switches.


Keywords: azo compounds ¥
circular dichroism ¥ conformation
analysis ¥ molecular devices ¥
photochromism


Introduction


Azobenzene-containing polymers are systems that are subject
to ongoing studies as a result of their photochromic proper-
ties. They have been proposed as materials for serial and
parallel holographic optical data storage, relief gratings, and,
due to the relatively high second-order hyperpolarizability of
the azo dye, also for second-order nonlinear optical applica-
tions.[1] It is now well accepted that their photochromic
behaviour is related to continuously photoinduced trans ±
cis ± trans isomerisation cycles of the azobenzene chromo-
phores. By irradiating with linearly polarised (LP) pump
radiation of the appropriate frequency, it is possible to create
a net excess of azobenzene chromophores oriented perpen-
dicular to the direction of the electric field, thus inducing in
the material linear dichroism and birefringence that are


reversibly erasable by irradiating with depolarised or circu-
larly polarised pump radiation. Recently, the fascinating
possibility of inducing circular birefringence (optical activity)
in nonchiral azobenzene-containing polymers by using circu-
larly polarised (CP) pump radiation has also been reported.
The phenomenon was observed for the first time by Nikolova
and co-workers in films of liquid-crystalline cyanoazobenzene
polyesters (P6a12 and P6a4).[2, 3] Upon illumination with CP
light at 488 nm, the films are imparted with an unusually
strong optical activity, which has been monitored by using a
probe beam at 632.8 nm: right circularly polarised (CP-R)
pump radiation induces right-hand rotation of the probe beam
polarisation, the reverse being observed with left circularly
polarised (CP-L) pump light. In a first report,[2] the authors
suggested that the observed effect may be initiated by a
transfer of angular momentum from the circularly polarised
light to the azobenzene chromophores. Being attached to the
polymer backbone, the mesogenic azo groups cannot freely
rotate and the transfer of angular momentum leads to a new
ordering of the chromophores inducing chirality of the whole
structure with a screw sense that depends on the handedness
of the exciting circularly polarised radiation. The authors
further suggested that the observed phenomena are related to
the presence of liquid-crystalline (LC) ordering (smectic-A
phase) in the polymer films prior to irradiation. Analogous
results have been found for an amorphous cyanoazobenzene
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methylmethacrylate copolymer previously ordered by illumi-
nation with linearly polarised light.[4] In further work,
Nikolova et al. discovered a self-induced rotation of the
azimuth of elliptically polarised (EP) light on passing through
films of photobirefringent azopolymers.[5] They explained the
experimental results by analysis of the propagation of the
elliptically polarised radiation in a photobirefringent medium.
The EP light propagating through the sample was found to
induce an optical axis that gradually rotates along the
propagation direction, thus inducing a chiral orientation of
the azobenzene chromophores with the same sense of rotation
as that of the input light electric vector. The whole film
assumes a chiral structure similar to that found in cholesteric
liquid crystals with large pitch.
The control of chirality with CP light in films of a new


liquid-crystalline nitroazobenzene methyl-methacrylate poly-
mer (p4MAN) has also been achieved by Natansohn and co-
workers.[6] The films were annealed at 135 �C to produce a
liquid-crystalline smectic-A phase that was maintained at
room temperature. The authors found that, by irradiation with
CP light at 514 nm, the initially achiral films became chiral
and showed strong circular dichroism (CD) bands in the UV/
visible region. The CD spectra of two different films, one
irradiated with CP-R and the other with CP-L light, exhibited
opposite signs and were virtually mirror images of each other.
In contrast, the amorphous films (not annealed) did not show
any induced circular anisotropy, thus pointing out the
essential role of the LC arrangement. The authors suggested
that the original circular polarisation of the incoming light is
made elliptical by the first layers of the smectic domains of the
film. On the basis of the model proposed by Nikolova et al.,[5]


the EP radiation that propagates into the film produces a
progressive rotation of the optical axis of each LC domain,
resulting in a helical supramolecular arrangement of the
smectic domains. The sense of the helical structure is
congruent with the sense of rotation of the electric vector of
the pump radiation. The material can support repeated cycles
of irradiation and represents the first example of a reversible
chiroptical switching between enantiomeric suprastructures,
where the chirality is induced only by irradiation with CP light.


Herein, we report an assessment of the chiroptical proper-
ties of a new class of optically active methacrylic polymers
bearing in the side chain a trans-azoaromatic system linked to
the macromolecular main chain through a cyclic chiral bridge.
In particular, we have considered two homopolymers,
poly[(S)-MAP-N][7] and poly[(S)-MAP-C][8] (Scheme 1), ob-
tained by radical polymerisation of the corresponding enan-
tiomerically pure optically active monomers (S)-3-methacry-
loxy-1-(4�-nitro-4-azobenzene)pyrrolidine [(S)-MAP-N] and
(S)-3-methacryloxy-1-(4�-cyano-4-azobenzene)pyrrolidine
[(S)-MAP-C], respectively. These derivatives do not display
LC behaviour and are characterised by enhanced thermal
properties with respect to the previously reported analogous
methacrylic polymer pDR1M, in which the azoaromatic dye
4�-[(2-hydroxyethyl)ethylamino]-4-nitroazobenzene (Disperse
Red 1) is linked to the side chain through an ester bond, and
which shows interesting optical storage properties.[9, 10]


Results and Discussion


UV properties: The experiments were carried out on amor-
phous thin films of thickness 100 ± 350 nm, obtained by spin
coating. Figure 1 shows the UV/visible spectra of amorphous
thin films of poly[(S)-MAP-C] (120 nm thick, full line) and
poly[(S)-MAP-N] (140 nm thick, dashed line) on fused silica,
normalised for thickness.
The two spectra are quite similar and are characterised by a


strong absorption band in the visible region, centred at 428
and 440 nm for poly[(S)-MAP-C] and poly[(S)-MAP-N],
respectively. These bands are related to the combined
contributions of the n��*, first ���*, and intramolecular
charge-transfer electronic transitions of the azobenzene
chromophores. The absorption bands located between 250
and 350 nm are related to the ���* electronic transitions of
the individual aromatic rings. The absorption edge observed
between 200 and 250 nm pertains to electronic transitions
stemming from the methacrylate ester groups and the
polymer backbone. In going from poly[(S)-MAP-C] to
poly[(S)-MAP-N], the positions of the absorption maxima


Scheme 1. Chemical structures and principal properties of the studied polymers.
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Figure 1. Absorption spectra of amorphous thin films on fused silica of
poly[(S)-MAP-C] (120 nm thick, full line) and poly[(S)-MAP-N] (140 nm
thick, dashed line).


connected with the azobenzene system shift to lower energy.
This bathochromic effect is related to the increased electron-
withdrawing ability of the nitro group with respect to the
cyano group, which improves the degree of conjugation in the
chromophore and, as a consequence, reduces the electronic
transition energies in the system.
In Table 1, the wavelengths of the absorption maxima of the


polymers in the solid state are compared with those of
solutions of the polymers in dimethylacetamide (DMA) and
with those of the monomeric model compounds, (S)-3-


pivaloyloxy-1-(4�-cyano-4-azobenzene)pyrrolidine [(S)-PAP-
C][8] and (S)-3-pivaloyloxy-1-(4�-nitro-4-azobenzene)pyrroli-
dine [(S)-PAP-N].[7] While the positions of the UV bands do
not change on going from the model compounds to the
polymers in solution and in the solid state, the absorption in
the visible region is quite sensitive to chromophore aggrega-
tion. Indeed, remarkable blue shifts are observed on compar-
ing the solution spectra of the polymers with those of the
model compounds (11 and 19 nm for poly[(S)-MAP-C] and
poly[(S)-MAP-N], respectively). These shifts become even
more pronounced for the polymers in the solid state (30 and
51 nm, respectively). In solution, the origin of the blue shift
has been attributed to an intramolecular parallel arrangement
of the chromophore electric dipoles (H-type aggregation)
imposed by the structural constraints of the macromole-
cules.[8] The increase in the magnitude of the blue shift on


going from the solution to the solid state suggests an increase
in the parallel aggregation of chromophores, which, in the
latter case, could also involve interchain dipolar interactions.
In contrast to the spectra in solution, the two absorption bands
of the solid films are characterised by a strong asymmetry,
with a broadening of the long-wavelength side. This can be
related to the less ordered dipolar interchain interactions that
the chromophores experience in the solid phase compared to
those in solution, where the dominant dipolar interactions are
intramolecular.


Chiroptical properties: The CD spectra of the studied
polymers, both in solution and as films, are characterised by
two intense dichroic signals of opposite sign and similar
intensity. These signals, which are related to the electronic
transitions of the azobenzene chromophores in the visible
range, are absent in the spectra of the corresponding mono-
meric model compounds representative of the repeat unit of
the polymer. In dilute solution, such behaviour is typical of
exciton splitting determined by cooperative interactions
between side chain azobenzene chromophores arranged in a
mutual chiral geometry of one prevailing handedness.[7, 8, 11]


The presence of a rigid chiral moiety of one prevailing
absolute configuration, interposed between the main chain of
the polymer and the azoaromatic chromophore, favours the
adoption of a chiral conformation of one prevailing helical
handedness, at least within chain segments of the macro-
molecules in solution.
The CD spectra of native thin films of poly[(S)-MAP-C]


(120 nm thick, full line) and of poly[(S)-MAP-N] (140 nm
thick, dashed line), as depicted in Figure 2, are quite similar to


Figure 2. CD spectra of native thin films on fused silica of poly[(S)-MAP-
C] (120 nm thick, full line) and poly[(S)-MAP-N] (140 nm thick, dashed
line).


those reported for the polymers in solution.[7, 8] In cor-
respondence with the first strong absorption band in the
visible region, they show two intense dichroic signals of
opposite sign, with the crossover point[12] close to the position
of the maximum absorption. Positions and intensities of the
two components of the visible CD couplet, expressed both as
ellipticity normalised for the thickness and in molar units, are
reported in Table 2, along with those of the polymers and


Table 1. Maximum wavelength positions of the UV/Vis absorption bands
of polymers and model compounds.


Compound First band Second band
�max [nm] �max [nm]


(S)-PAP-C/DMA solution 458 277
poly[(S)-MAP-C]/DMA solution 447 277
poly[(S)-MAP-C]/film 428 276
(S)-PAP-N/DMA solution 491 287
poly[(S)-MAP-N]/DMA solution 472 287
poly[(S)-MAP-N]/film 440 286
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model compounds in DMA solution (in molar units). The
relative intensities of the CD signals of the films resemble
those measured for the polymers in solution and, similar to
what was seen in the absorption spectra, a blue shift of the CD
bands is seen on going from the solution to the solid state. The
close resemblance between the CD spectra of the native
polymer films and those of the polymers in solution indicates
that the chromophores are also organised according to a chiral
order in the solid state. This suggests that the macromolecules
maintain chiral conformations of one prevailing helical
handedness in the solid amorphous state, at least for chain
segments.
As shown in Figure 2, the couplets are asymmetric and the


crossover points (Table 2) do not strictly coincide with the
maxima of the visible absorption bands (Table 1). This was
also found for the spectra in solution[7, 8] and was interpreted
as originating from the overlapping of the exciton splitting CD
band with a positive CD band having its maximum corre-
sponding to the maximum of the visible absorbance. These
positive signals could be attributed to non-interacting chro-
mophores located in conformationally less-ordered segments
of the macromolecules, or to a visible absorption band
originating from electronic transitions insensitive to the chiral
geometry of the macromolecules.


Photomodulation of linear birefringence : On account of the
optical properties of poly[(S)-MAP-C] and poly[(S)-MAP-N]
films, we investigated the possibility of controlling them by
using both linearly and circularly polarised radiation at
488 nm, that is, in resonance with the electronic transitions
in the visible region. Photoinduced linear dichroism and
birefringence were assessed by pumping with LP radiation
(I� 100 mWcm�2) and using probe radiation of �� 632.8 nm,
at which wavelength the polymers have negligible absorption,
the intensity of the probe beam being kept below 1 mWcm�2.
After irradiation, the polymers show a photoinduced linear
birefringence (��n � of 0.121 for poly[(S)-MAP-C] and 0.218
for poly[(S)-MAP-N]), which, after removal of the pump,
relaxes to stable values of 0.116 and 0.211, respectively. These
values are larger than those obtained under the same
experimental conditions for similar achiral systems such as
pDR1M.[9] For pDR1M, we measured a saturated linear
birefringence of 0.10 under illumination, and of 0.08 after
removal of the pump (a saturated linear birefringence of 0.103
under illumination was reported by Natansohn[10]). It there-


fore appears that the present homopolymers are characterised
by an enhanced photoinduced linear birefringence and an
improved conformational stability with respect to pDR1M.
This behaviour can be related to the values of Tg, which
increase in the order pDR1M (Tg � 116 �C),[10] poly[(S)-
MAP-C] (Tg � 192 �C),[8] and poly[(S)-MAP-N] (Tg�
208 �C).[7]


Photomodulation of chiroptical properties : It is well known
that the photoinduced linear ordering in azobenzene-con-
taining materials can be reversibly erased by using circularly
polarised pump radiation. This is also the case for the
investigated polymers; thus, we have indeed verified that by
pumping with CP light at 488 nm the photoinduced linear
dichroism and birefringence can be reduced to negligible
values. However, by monitoring the CD spectra of the
irradiated films, we discovered a surprising effect of the CP-
L pump radiation. As shown in Figure 3, after a cycle of


Figure 3. CD spectra of a thin film (340 nm) of poly[(S)-MAP-C] on fused
silica, as prepared (full line) and after a cycle of ordering and erasing
(dashed line) with LP and CP-L light at 488 nm (I� 100 mWcm�2).


ordering and erasing with LP and CP-L light at 488 nm,
respectively, the CD spectrum of a thin film of poly[(S)-MAP-
C] displays a net inversion of sign, which is particularly
evident for the visible excitonic doublet. The two spectra
actually appear as mirror images of each other. The observed
effect is reversible, and the original shape of the CD spectrum
can be substantially restored by pumping with CP-R radia-
tion.
Similar results were also obtained for poly[(S)-MAP-N].


Thus, Figure 4 shows the CD spectrum of the native film (full
line) and the spectra obtained after a sequence of pump
sessions: film ordered with LP radiation (dashed line), erased
with CP-L radiation (dotted line), and finally irradiated with
CP-R radiation (dash-dotted line). During the irradiation
steps, the degree of ordering was assessed by monitoring the
linear birefringence at 632.8 nm. After the writing step with
LP light, the CD signal was seen to change slightly: the
relative intensity of the visible exciton couplet was reduced,
but the shape of the CD spectrum remained essentially the
same as that of the native film. The subsequent erasing step
with CP-L radiation produced a dramatic change in the CD


Table 2. CD spectra in the visible region of polymers and model compounds.


Compound �1
[a] �d1


[b] ��1
[c] �0


[d] �2
[a] �d2


[b] ��2
[c]


(S)-PAP-C/DMA solution 460 � 0.6 ± ± ± ±
poly[(S)-MAP-C]/DMA solution 491 � 10.2 447 421 � 7.4
poly[(S)-MAP-C]/film 469 � 0.16 � 16 419 393 � 0.18 � 18
(S)-PAP-N/DMA solution 495 � 0.7 ± ± ± ±
poly[(S)-MAP-N]/DMA solution 515 � 8.5 465 428 � 6.0
poly[(S)-MAP-N]/film 490 � 0.10 � 11 436 408 � 0.10 � 10
[a] Wavelength (in nm) of maximum dichroic absorption. [b] Ellipticity (�d)
normalized for the thickness expressed in mdegreenm�1. [c] �� expressed in
Lmol�1 cm�1 and calculated for one repeating unit in the polymer. A mass
density of 1 gcm�3 has been assumed for the polymer films. [d] Wavelength (in
nm) of the crossover of dichroic bands.
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Figure 4. CD spectra of a thin film (130 nm) of poly[(S)-MAP-N] on fused
silica, recorded from the native film (full line) and after each of the
following sequential irradiation steps: LP light (dashed line), CP-L light
(dotted line), and CP-R light (dotted-dashed line) at 488 nm (I�
160 mWcm�2).


spectrum, with the exciton couplet being inverted in sign and
becoming strongly asymmetric: the intensity of the negative
band became about four times that of the positive one
(Figure 4), and the crossover wavelength was shifted to lower
values. The final erasing step with CP-R light again inverted
the relative sign of the exciton couplet, restoring the original
shape of the CD spectrum.
The inversion of the CD signal does not necessarily require


a preliminary ordering of the film with LP radiation, the
phenomenon also being observed for amorphous films simply
upon irradiation with CP light of one given handedness.
Figure 5 shows the CD spectra of a film of poly[(S)-MAP-N]


Figure 5. CD spectra of a thin film (150 nm) of poly[(S)-MAP-N] on glass,
recorded from the native film (full line) and after sequential irradiation
with CP-L light (dashed line) and CP-R light (dotted line) at 488 nm (I�
160 mWcm�2).


as grown (full line), after an irradiation cycle with CP-L light
(dashed line), and after a subsequent pumping step with CP-R
light (dotted line). The pump irradiance was set to
160 mWcm�2, and, as in the preceding experiments, during
the irradiation cycles we monitored the linear birefringence
(negligible in this case). By comparing the three spectra


reproduced in Figure 5, it is clear that, here again, the effect of
CP-L light is to reverse the CD signals, whereas CP-R
radiation is able to restore the original signs of the CD
spectrum.
From the close similarity between the CD properties of the


polymer films and those of the polymers in solution, it is
reasonable to assume that the azobenzene chromophores are
organised in a helical geometry of one prevailing handedness
in the solid state as well, at least within chain segments. This
implies that the polymer chains have a predominant helical
structure with a well-defined sense, either left- or right-
handed. However, the CD data alone do not allow us to
establish the absolute sense of the helix, that is, whether it is
left or right. The effect of CP-L radiation on the CD signal can
be simply interpreted by assuming its ability to invert the
prevailing handedness of the polymer structure, or at least to
create a statistical net excess of polymer chain sections with
inverted helical sense. The observed phenomena appear to be
related to the induction of chirality by CP light in achiral
azobenzene-containing materials reported by Nikolova and
co-workers[2±5] and Natansohn and co-workers,[6] even though
the measured ellipticity of our samples, normalised to film
thickness, is one order of magnitude lower. In our case, there
is an intrinsic chirality of the sample related to the optical
activity of the pyrrolidine bridge interposed between the azo
chromophores and the polymer backbone, and it is quite
reasonable that in the native films the polymer chains should
have a predominant helical conformation. The mechanism of
the reversible helical inversion induced by CP radiation is not
well understood. In any case, for the investigated polymers, it
is not related to a preliminary ordering of the azobenzene
molecules with LP light, as demonstrated in our experiments.
It is known that CP light tends to align the azobenzene side
groups along directions close to normal to the film.[3, 13] It is
possible that transfer of angular momentum from the CP
radiation to the medium, as occurs when a CP photon is
absorbed, induces a precession of the chromophores with a
sense of rotation congruent with the sense of the CP light. This
would mean that CP-L light induces a left-handed organisa-
tion of the azobenzene molecules, whereas CP-R light induces
a right-handed one. It is reasonable to think of the conforma-
tional structure of the polymer chains in the native films as
being composed of helical sections of opposite handedness
where, due to the chiral interaction of the enantiomeric
pyrrolidine moieties, segments of one helicity are thermody-
namically favoured with respect to the other, thus confering a
prevailing absolute chirality to the polymer. If the net excess
of one population over that with the opposite ellipticity is
small, it seems reasonable that the chiral interaction with CP
light should be able to alter the statistical distribution of the
helical sections so as to reverse the absolute chirality of the
polymer. It thus follows that the interaction with CP radiation
allows the possibility of recognising the absolute handedness
of the prevailing chain sections. For the present polymers, the
interaction with CP-R light does not substantially affect the
CD signals, whereas CP-L light leads to their net inversion,
thus allowing the assignment of a prevailing right-handed
conformation to the native macromolecules. All the afore-
mentioned CD effects persist for at least one month and are
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well reproducible. Whatever the mechanism responsible for
the inversion of the CD signal by interaction with the CP light,
the unusual CD properties of the polymers, together with the
phenomena reported by Nikolova and co-workers[2±5] and
Natansohn and co-workers,[6] seem to open new possibilities
for the use of azobenzene-functionalized materials in the all-
optical manipulation of information. In particular, it is
possible to foresee applications for materials combining
optical storage capabilities, based on the modulation of the
linear refractive index, with a capacity for logic functions
based on chiroptical switching (Figure 6). Clearly, for tech-


nological applications, the switching time would be important.
In our basic experiments, the typical irradiation time required
to observe the reversal of chirality was around 60 s with a
maximum irradiance of 160 mWcm�2, which corresponds to a
fluence of about 10 Jcm�2. Further investigations of the
dynamics of the observed phenomena are in progress.


Conclusion


Beside the linear properties, birefringence and linear dichro-
ism, we have studied the effect of circularly (R and L)
polarised light on the chiroptical properties of native chiral
films of the title polymers. A marked effect of CP-L pump
radiation on the CD spectra of poly[(S)-MAP-C] and
poly[(S)-MAP-N] films has been observed. Thus, after
irradiation, the CD spectra show a net inversion of sign. The
effect is reversible and the original shape of the CD spectra
can be restored by pumping with CP-R radiation. The
phenomenon does not seem to depend on a preliminary
ordering of the azobenzene chromophores in the film
obtained with linearly polarised pump radiation. In fact, it is
observed both for linearly ordered and native amorphous


films. The effect, which is analogous to those reported by
Nikolova and co-workers[2±5] and by Natansohn and co-
workers,[6] may be interpreted as a photoinduced inversion
of the prevailing helical handedness of the polymeric macro-
molecules driven by a transfer of angular momentum from the
circularly polarised light to the azobenzene chromophores.
In addition to the optical control of linear birefringence and


dichroism, the above mentioned methacrylic polymers, as
shown in Figure 6, offer the possibility of producing reversible
chiroptical switching between two enantiomeric chiral ar-
rangements of the polymeric film.


Experimental Section


Structures, molecular weight distribu-
tions, and thermal characterisations of
the studied azobenzene polymers are
shown in Scheme 1. They were syn-
thesised as described previously.[7±9]


Amorphous thin films were prepared
by spin-coating of a solution of the
polymer in 1-methyl-2-pyrrolidinone/
tetrahydrofuran (NMP/THF) on fused
silica or glass slides. The thickness of
the films, measured using a Tencor
P-10 profilometer, was in the range
100–350 nm, depending on the con-
ditions of preparation. By inspection
with a cross-polarised optical micro-
scope, the native films were seen to be
optically isotropic. The photoinduced
linear birefringence of the polymer
films was measured in situ using a
pump and probe set-up by monitoring
the transmittance of the samples in-
terposed between two crossed polar-
isers. The pump radiation, of ��
488 nm, was produced by a small-
frameAr� laser (Spectra Physics model
165), whereas the source of the probe


light at �� 632.8 nm was a Melles-Griot 1 mW He-Ne laser. A multiple
order �/4 quartz waveplate for 488 nm was used to circularise the pump
radiation. Absorption spectra were measured with a Varian Cary 5 UV/
Visible/NIR spectrometer. CD spectra were recorded with a Jasco J-810
spectropolarimeter.
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Synthesis and Optical Limiting Properties of Axially Bridged
Phthalocyanines: [(tBu4PcGa)2O] and [(tBu4PcIn)2O]
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Abstract: Highly soluble [(tBu4Pc-
M)2O] phthalocyanine dimers (M�
GaIII (3), InIII (4)) were prepared by
the reaction of [tBu4PcMCl] (M�GaIII


(1), InIII (2)) with excess of concentrated
H2SO4 at �20 �C. The M�O�M linkages
in 3 and 4 are not stable against con-
centrated H2SO4 at room temperature,
6� HCl at reflux, or during isolation
under column chromatographic condi-
tions (e.g. silica gel/toluene). The stabil-
ity of 3 in solution is considerably higher
than that of 4. The �-oxo-bridged phtha-
locyanine dimers 3 and 4 have a more
intense photoluminescence emission in
the red region than the monomers 1 and


2. The gallium phthalocyanines 1 and 3
have fluorescence lifetimes of a few
nanoseconds, while those of the indium
phthalocyanines 2 and 4 last for only
several hundred picoseconds. Compari-
son of the fluorescence lifetimes of
monomers 1 and 3 with dimers 2 and 4,
reveals that the dimers have longer
lifetimes of the excited singlet states.
The transient absorption spectrum is
similar for all of the compounds, and


the transient absorption band at about
520 nm, observed by nanosecond laser
irradiation, can be assigned to the tran-
sition from the lowest triplet excited
state to the upper triplet excited states
(T±Tabsorption). The magnitude of the
optical limiting exhibited by 1, 3, and 4
in toluene at 532 nm laser pulse irradi-
ation is in the order: 3� 4� 1. The
values of the imaginary third-order non-
linear susceptibility Im{�(3)} of the above
compounds at 532 nm in toluene are also
reported. These results demonstrate that
these compounds are candidates for
optical limiting applications.


Keywords: gallium ¥ indium ¥ nitro-
gen heterocycles ¥ nonlinear optics ¥
phthalocyanines


Introduction


Peripherally unsubstituted gallium phthalocyanines with an
axial chloro, fluoro, or hydroxy ligand ([PcGaX], X�Cl, F,
OH) were the first phthalocyanines (Pcs) to be investigated
for their third-order (�(3)) nonlinear behavior,[1] and nonlinear
susceptibility values of the order of 10�11 esu were found. The
�-oxo-bridged dimer [(PcGa)2O] has been described, and has
been shown to exhibit good photoreceptor properties.[2] The
next higher homologue of gallium, indium in its oxidation
state of �3, can also be inserted easily into the Pc framework.


As a result, chloroindium phthalocyanine ([PcInCl]) has
found several applications in material science,[3] for nonlinear
optical (NLO) materials, electrophotography, photovoltaic
cells, or optical recording materials.


The disadvantage of peripherally unsubstituted Pcs is their
poor solubility in organic solvents. To overcome this problem,
a variety of substituents have been attached to the macrocycle
in varying numbers and different substitution patterns.[4]


Tetra(tert-butyl)-substituted Pc×s and their metal complexes
are the most frequently used when solubility is required.


While no peripherally substituted gallium phthalocyanines
have been reported so far, we have recently synthesized a
series of tetrasubstituted indium phthalocyanines, [R4PcInX]
(R�C5H11, tBu, X�Cl, Br, I, C6H5, C6F5,m- and p-CF3C6H4,
CH3


[5]), and others.[6] Octasubstituted indium phtahlocya-
nines, such as [R8PcInX] with R�C5H11, X�Cl, C6F5, were
also prepared.[5] As in the case of other substituted Pcs these
indium phthalocyanines are also soluble in organic solvents of
medium polarity.


Among the nonlinear optical applications of Pcs, optical
limiting (OL) has been particularly promising.[7] Optical
limiters are devices that strongly attenuate intense optical
beams while exhibiting high transmittance for low-intensity
ambient light levels. They are of significant interest for
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applications such as the protection of human eyes, optical
elements, or optical sensors from intense laser pulses.[7, 8]


Optical limiters usually rely on an effective third-order
nonlinear response, such as nonlinear absorption or
refraction. [Tetrakis(cumylphenoxy)phthalocyaninato]lead
[(CP)4PcPb],[9] and tetra(tert-butyl)chloro(phthalocyanina-
to)indium(���) [tBu4PcInCl],[8, 10] are very good materials for
optical limiting. The systematic study of the effect of axial
substitution on the optical properties of indium phthalocya-
nines[10] revealed that axially aryl-substituted [tBu4PcInX]
(e.g., X� p-CF3C6H4) has a much lower threshold for optical
limiting and a lower transmission at high fluences than
[tBu4PcInCl]. Excitation of the (phthalocyaninato)indium
complexes in the visible region initially gives an excited
singlet state that crosses over into a triplet state with a
quantum yield approaching unity and an intersystem crossing
time of about 300 ps. The triplet state lifetime is much longer
than 10 ns. This means that the nanosecond nonlinear
absorption is dominated by the absorption from an orienta-
tionally averaged triplet state.[10]


Herein we report on the synthesis, structural character-
ization, and photophysical properties of the soluble �-oxo
dimers [(tBu4PcM)2O] (M�Ga (3) and In (4)). Compounds
of this type may exhibit increased third-order nonlinearities in
comparison with monomeric Pcs, owing to intramolecular
interactions between the Pc rings.[11] Also, the optical limiting
properties of 3 and 4 might be influenced by their dimeric
structure. The �-oxo axially bridged unsubstituted
[(PcGa)2O][2] and [PcGa�O�AlPc][12] dimers have been
briefly mentioned in the literature, however they have not
been further characterized.


Results and Discussion


The [(tBu4PcM)2O] dimers (M�GaIII (3), InIII (4)) were
prepared by the reaction of [tBu4PcMCl][5, 6] (M�GaIII (1),
InIII (2), as mixtures of structural isomers) with an excess of
concentrated H2SO4 at �20 �C (Scheme 1). Compounds 3 and
4 were found to be more soluble in many common organic
solvents (even in methanol and acetone) than their starting
compounds 1[6] and 2[5] . The enhanced solubility of 3 and 4,
compared with the chloro compounds 1 and 2, shows that the
tendency of phthalocyanines to form aggregates can be
effectively suppressed by axial substitution.[5] Similar to the
axially substituted indium(���) phthalocyanines,[5] the shape of
the UV/Vis spectra of 3 and 4 is almost independent of the
concentration of the solution. This is in contrast to
[tBu4PcMCl] (M�GaIII, InIII) for which a concentration-
dependent increase of the absorption on the red side of the
Q-band indicates a larger degree of aggregation.[5, 6] Similar to
the Al�O�Al linkage in [(PcAl)2O],[13] the M�O�M linkages
in 3 and 4 can also be cleaved by concentrated H2SO4 at room
temperature, by 6� HCl at reflux, as well as under column
chromatographic conditions (e.g. silica gel/toluene).


Figure 1 shows the FD-MS spectrum of [(tBu4PcGa)2O] (3),
together with its simulated mass spectrum. The molecular
peak appears at m/z 1628.1, with a pattern almost identical to
that calculated for its respective isotopic composition. No


Scheme 1. Synthesis of �-oxo-bridged gallium and indium phthalocyanine
dimers: 1) 96% H2SO4,�20 �C, stirred for 2 h; 2) aqueous ammonia, reflux
for 2 h, 3) wash with hot water, 68 ± 72% yield.


Figure 1. FD-MS spectrum of [(tBu4PcGa)2O] dimer. Simulated mass
spectrum is shown in the inset.


fragmentation was detected. The molecular peak for [(tBu4-
PcIn)2O] (4) (m/z 1719) was only detected in the FAB-MS
spectrum, accompanied by a number of fragment peaks
centered at m/z 737.2 [tBu4PcH�], 849.9 [tBu4PcIn�], 1587.5
[(tBu4Pc)2In�], and so on. The fragment peak at m/z 1587.5
appears in both the FAB-MS and FD-MS spectra of 4, and can
be attributed to (tBu4Pc)2In (m/z 1588.74).[14] These findings
indicate that the In�O�In linkage in 4 is easily broken under
the FAB and FD conditions to form [tBu4PcIn] radical ions
(m/z 849.9) and tBu4Pc radical anions (m/z 737.2), which
partially couple to give [(tBu4Pc)2In] (m/z 1587.5). The
structural stability of 3 is evidently higher than that of 4. This
is also confirmed by the UV/Vis results (see below).


The UV/Vis spectra of 3 and 4 in CHCl3 have the pattern
typical of metal Pcs. As reported earlier,[5, 6, 8] the influence of
different axial substituents on the electronic structure of the
macrocycles of indium(���) or gallium(���) phthalocyanines is
small. When compared with the UV/Vis spectra of
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[tBu4PcMCl] (M�Ga, In), formation of the �-oxo metal-
lophthalocyanine dimers 3 and 4 only leads to a weak (1 ± 2
nm) blue shift of the Q-band, which is attributed to exciton
splitting in the dimer,[11] and to a red shift (1.5 nm) of the
B-band. The red shift of the B-band is related to the
interaction of the oxygen atom with the central metal, gallium
or indium. The shapes of the UV/Vis spectra are solvent-
dependent.[15] An additional absorption at 738 nm was ob-
served for 3 in n-hexane. Comparison of the UV/Vis spectra of
a thin film and dilute solution of 3 and 4 in CHCl3 reveals that
the absorption spectra of thin films of 3 and 4 are apparently
broader. By comparing the thin film and dilute solution UV/
Vis spectra of 1 or 2, we observed that the position of the
Q-band maximum is shifted to the red by about 2.5 nm for the
former, and 9 nm for the latter. In the case of 3 and 4, the same
comparison shows that the position of the Q-band maximum
is almost unchanged, which is consistent with relatively weak
aggregation of 3 and 4 in solutions.


In the UV/Vis spectra of 3, the intensities of the Q- and
B-bands decreased gradually with increased exposure to
daylight, this was simultaneously followed by a red shift of the
Q-band and a blue-shift of the B-band. After exposure to
daylight for 54 days, the peak maxima of the Q- and B-bands
move to the red by ��� 2 nm, and to the blue by ��� 3.5 nm,
respectively. When solutions of 3 and 4 in chloroform are
exposed to daylight for 24 h, the B- and Q-bands of 4
dramatically decrease in intensity (Figure 2), while the
absorption spectra of 3 are almost unchanged under the same
conditions. These results further indicate that 3 is more stable
than 4 in solution.


Comparison of the IR spectra of 3 and 4 and their starting
materials 1 and 2 reveals that they are almost identical, the
only difference being the disappearance of the M�Cl stretch-
ing vibration bands (�Ga�Cl� 351 cm�1, �In�Cl� 336 cm�1) in the
IR spectra of both 3 and 4.


Figure 2. The changes of the UV-Vis absorption spectra of [(tBu4PcGa)2O]
(3 ; A) and [(tBu4PcIn)2O] (4 ; B) in CHCl3 before and after exposure to
ambient light: a) before exposure, b) 24 h; c) 336 h, d) 720 h, e) 840 h, and
f) 1296 h.


Because of the large diamagnetic ring current of the two
macrocycles and the existence of structural isomers, the
proton signals of 3 and 4 are broadened (the aromatic signals)
and split (tBu signal) in the 1H NMR spectra of 3 and 4. In 3,
the aromatic protons (2,2�-H, see Scheme 1) appear at ��
8.4 ± 9.4 ppm (multiplet), 1-H appears at �� 7.8 ± 8.3 ppm
(multiplet), and the tBu protons appear at �� 1.7 ± 1.9 ppm.
For 4, the proton signals are very similar to those of 3. The
aromatic 2,2�-H protons give a multiplet between �� 9.3 ±
9.6 ppm, 1-H protons appear at �� 8.3 ppm, and the protons
of the tBu group are located at �� 1.8 ± 1.9 ppm. The carbon
signals of 3 and 4 in 13C NMR spectra are rather similar to
those of the corresponding starting materials[5, 6] and can
easily be assigned to the appropriate carbon atoms in the
macrocycle. Again, signals are broadened owing to the
presence of structural isomers.


As described before, metallophthalocyanines are among
the most effective optical limiters because they have low
ground-state absorption in the spectral window between the
intense B- and Q-bands, and strong excited-state absorption
across the same region, as well as long excited-state life-
times.[7, 10, 16] If the excited-state absorption cross-section
exceeds that of the ground state, excited-state absorption
from both singlet and triplet excited states will lead to reverse
saturable absorption (RSA), which is the most important
optical limiting mechanism.[16]


Photoluminescence (PL) is a powerful probe for the excited
states of organic or polymeric compounds.[17±19] Fluorescence
spectra and fluorescence lifetimes of peripherally unsubsti-
tuted chlorogallium(���) and chloroindium(���) phthalocyanines
(i.e., [PcGaCl] and [PcInCl]) have previously been measured
in 1-chloronaphthalene.[17] Figure 3 shows the fluorescence
spectra of compounds 1 ± 4 in toluene observed by excitation
at 355 nm. It can be seen that the shape of the spectrum is
similar for all species, and the maximum of the fluorecence
bands of these compounds appears at 705, 710, 705, and
710 nm, respectively. The fluorescence bands of indium(���)
phthalocyanines 2 and 4 are found to be shifted about 5 nm


Figure 3. Fluorescence spectra of 1 ± 4 in toluene. Absorption intensities
were matched at the excitation wavelength (355 nm). Inset: Fluorescence
decay profiles upon excitation with the 410 nm laser pulse.
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towards longer wavelengths than those of gallium(���) phtha-
locyanines 1 and 3, owing to the heavy atom effect. The �-oxo-
bridged phthalocyanines 3 and 4 have a more intense PL
emission in the red region than the monomers 1 and 2. The
fluorescence decay characteristics were determined (Figure 3,
inset), in which each time profile exhibits single exponential
decay, from which the fluorescence lifetimes were deter-
mined. The fluorescence lifetimes (that is, the lowest excited
single state lifetime, �F) of all samples are listed in Table 1. The
gallium phthalocyanines 1 and 3 have lifetimes of a few
nanoseconds (ns), while the lifetimes of the indium phthalo-


cyanines 2 and 4 last for only several hundred picoseconds
(ps). By comparing the fluorescence lifetimes of the mono-
mers 1 and 2 with those of the dimers 3 and 4, we found that
the excited singlet states of the dimers have longer lifetimes.


To evaluate the contribution of the intersystem crossing
process, nanosecond laser-flash photolysis studies[20±21] were
carried out. Upon excitation with a nanosecond laser at
355 nm, transient absorption spectra of 1 ± 4 in toluene were
observed, and were similar for all samples. The transient
absorption bands appear at about 520 nm, with the depletion
of the ground state absorptions of phthalocyanine in the
region 620 ± 720 nm (Figure 4), and are easily quenched in the
presence of a triplet energy quencher such as oxygen. The
transient absorption band at about 520 nm can thus be
assigned to the transition from the lowest triplet excited state
to the upper triplet excited states (T±T absorption).[10, 20] The
bimolecular quenching rates (kO2


) of 1 ± 4 were determined to
be 2.2� 109, 2.2� 109, 2.0� 109, and 2.1� 109 dm3mol�1 s�1,
respectively. From the laser power dependence of the decay
rates of the T±T absorption, the intrinsic lifetimes of the
triplet states (�T) were determined (Table 1).[20] The gallium
phthalocyanine compounds 1 and 3 have a lifetime of a few
hundred microseconds, while indium phthalocyanine com-
pounds 2 and 4 exhibit shorter lifetimes. This trend is similar
to that of the observed fluorescence lifetimes. The laser power
dependence also gave the T±T annihilation rate constant
(kTT) as a ratio of the molar extinction coefficient (�T). On
assuming the �T values as 10000 mol�1dm3cm�1, kTT values on
the order of (3.3 ± 6.5)� 108mol�1 dm3s�1 were calculated.
Furthermore, interestingly for all samples, the triplet-state
maximum occurs in the 400 ± 610 nm region, which is located
just inside the high-transmittance region between the intense
Q- and B-bands in the UV/Vis spectra of all of the samples.
This implies that this region is of particular interest for
reverse-saturable absorption-based optical limiting[22±24] since


Figure 4. Transient absorption spectra of 1 ± 4 in toluene 250 ns after the
nanosecond laser irradiation at 355 nm laser light.


it ensures that the absorption cross-section of the excited state
always exceeds the ground-state absorption cross section.[25]


The open aperture Z-scan method[26] has been used to study
imaginary third-order nonlinear optical processes in molec-
ular materials. By moving the sample along the z axis through
the focus, the intensity-dependent absorption can be meas-
ured as a change of the transmission through the sample using
a detector in the far field.[27, 28] On approaching the focus the
intensity increases by several orders of magnitude relative to
the intensity away from focus, thus inducing nonlinear
absorption in the sample. The apparatus is shown in Figure 5.


Figure 5. Schematic diagram of open aperture Z-scan experiment.


This allowed us to determine the magnitude of light energy
dissipated in the sample. Absorption coefficients were calcu-
lated by fitting the following theory reported by Sheik-Bahae
et al.[29] The normalized transmittance as a function of
position z, TNorm(z) is given by Equation (1), where q0(z) is
given by Equation (2), z0 is the diffraction length of the beam,


TNorm(z)�
��
i�0


��q0�z� 0�	i
�i� 1�3�2


� �
(1)


q0(z)�
q�


1 � �z�z0�2
(2)


Table 1. Properties of the excited states; fluorescence lifetimes (�f) and
triplet-state lifetimes (�T), T±T annihilation rate constants (kTT) and
reaction rate constants with O2 (kT


O2) of gallium(���) and indium(���)
phthalocyanine complexes 1 ± 4.[a]


Compounds �f [ns] �T [�s] kTT kT
O2


(�fluo [nm]) (�TT [nm]) [mol�1 dm3 s�1] [mol�1 dm3 s�1]


1 2.57 (705) 159 (520) 4.5� 108 2.2� 109


3 3.57 (705) 270 (520) 3.3� 108 2.0� 109


2 0.47 (710) 46 (520) 6.5� 108 2.2� 109


4 0.64 (710) 42 (520) 5.0� 108 2.1� 109


[a] �� 10000 mol�1dm3cm�1.
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and q00� �(3)I0Leff where Leff� [1� exp(��0L)]/�0 , �(3) is the
third-order nonlinear absorption coefficient, I0 is the intensity
of the light at focus, and Leff is known as the effective length of
the sample, defined in terms of the linear absorption
coefficient �0, and the true optical path length through the
sample, L.


The imaginary third-order susceptibility Im{�(3)} and the
second-order hyperpolarizability 	 were used to quantify the
nonlinear absorption.[7, 10, 30, 31] Im{�(3)} is directly related to the
third order absorption coefficient �(3) and is expressed as
Equation (3), in which no is the linear refractive index, �o is the


Im{�(3)}� n
2
0�0c��


�3�


2

(3)


permittivity of free space, c is the speed of light, and � is the
wavelength of the incident light. The relationship between
Im{�(3)} and 	 is defined as Equation (4), where f� (n0


2� 2)/3
is the Lorentz local field factor, n0 is the linear refractive index
of the sample, cmol is the molar concentration, and NA is
Avagados number.


	� Im
��3��
f 4cmolNA


(4)


In the Z-scan experiments, a frequency-doubled Q-switch-
ed Nd-YAG laser was employed that produced 6 ns pulses at
532 nm wavelength. For each sample, a clear decrease of
transmittance about the focus was observed, typical of an
induced positive nonlinear absorption. Similar to 2, reported
previously,[5, 10] it can be seen that compounds 1, 3, and 4 also
exhibit strong RSA on excitation at 532 nm.[5, 10, 27, 28]


The values of Im{�(3)} at 532 nm for 1, 2, 3, and 4 were
determined to be about 1.00� 10�11, 1.56� 10�11, 1.27� 10�11,
and 1.28� 10�11 esu, respectively. The corresponding 	 values
for these compounds are approximately 0.71� 10�32, 1.15�
10�32, 1.72� 10�32 and 1.83� 10�32 esu, respectively. Compar-
ison of 3 with 1 shows that the nonlinear response of 1 is
clearly improved by dimerization (O-bridged).


The nonlinear transmission for 2 has recently been report-
ed.[10] The onset of nonlinear absorption and optical limiting
occurs at smaller incident fluences as the wavelength in-
creases from 500 to 570 nm. The threshold for optical limiting,
defined as the fluence at which the transmission falls to 0.5 of
the initial transmission, varies by about an order of magnitude
over this range of wavelengths. In the aryl-axially substituted
(phthalocyaninato)indium complexes, such as [tBu4PcIn-
(p-CF3C6H4)] and [tBu4PcIn(C6F5)], the nonlinear absorption
begins at a lower fluence than for 1. The normalized trans-
mission as a function of pulse energy density was measured for
1, 3, and 4 at 532 nm in toluene. The results of these
measurements are shown in Figure 6. The solid curves in
Figure 6 are a theoretical fit, for which the energy density
dependent absorption coefficient � is approximated using the
phenomenological expression given in Equation (5) , where �0


�(�0 ,F,FSat ,�)�
�0


1 � F
FSat


�
1 � �ex


�0


F
FSat


�
(5)


and �ex are the ground state and excited-state cross sections.
FPulse and FSat are the pulse energy density and the saturation


Figure 6. Normalized transmission of 1 (�), 2 (�), 3 (�), and 4 (�) as a
function of pulse energy density. Fitted with three-level model yielding
results: 1) k� 13.5, 2) k� 27.5, 3) k� 11.3, and 4) k� 12.4, where k is the
value of ration between the first absorption cross-section of the excited
triplet state, and the ground state absorption cross-section.


energy density respectively. FPulse is defined as EPulse/(��(z)2),
where EPulse is the energy per pulse and �(z) is the radius of
the propagating focused gaussian pulse as a function of
position z (Figure 6). It should be noted that �0, �ex, and FPulse


were treated as free parameters in the fit. The magnitude of
the optical limiting exhibited by 1 ± 4 is in the order: 4� 3�
2� 1. A definite quantitative measure of how well a material
responds as an optical limiter is the ratio of the excited and
ground state absorption cross-sections. This will be called the
�merit coefficient�, and given the symbol � [Eq. (6)]. The merit
coefficients for 1, 2, 3, and 4 are k� 13.5, 27.5, 11.3, and 12.4,
respectively.


�� �ex


�0


(6)


Conclusion


In conclusion, we have synthesized the highly soluble �-oxo-
bridged gallium(���) and indium(���) phthalocyanine dimers 3
and 4 by reaction of the corresponding phthalocyanine
monomers with an excess of concentrated H2SO4 at �20 �C,
and we have determined their structures and photophysical
properties, especially their optical limiting properties, and
have also compared them with the starting materials [tBu4Pc-
GaCl] (1) and [tBu4PcInCl] (2). Among the gallium(���) and
indium(���) phthalocyanine monomers, 2 had been investigat-
ed earlier for its optical limiting properties.[5, 8, 10] The en-
hanced solubility of compounds [(tBu4PcGa)2O] (3) and
[(tBu4PcIn)2O] (4), compared with the chloro compounds 1
and 2, shows that the usual tendency of phthalocyanines to
form aggregates can be effectively suppressed by axial
substitution.[5] The stability of 3 in solution is considerably
higher than that of 4. The �-oxo-bridged phthalocyanine
dimers 3 and 4 have a more intense photoluminescence
emission in the red region than monomers 1, 2. The gallium
phthalocyanine compounds 1 and 3 have fluorescence life-
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times of a few nanoseconds, while indium phthalocyanine
compounds 2 and 4 have lifetimes of only several hundred
picoseconds. By comparing the fluorescence lifetimes of
monomers 1 and 2 with those of dimers 3 and 4, we found
that the dimers have longer lifetimes of the excited singlet
states. The transient absorption spectrum is similar for all
species, and the transient absorption band at about 520 nm,
observed by the nanosecond laser irradiation can be assigned
to the transition from the lowest triplet excited state to the
upper triplet excited states (T±Tabsorption). All compounds,
including the starting materials, display strong positive non-
linear optical absorption at the excitation wavelength. The
magnitude of the optical limiting exhibited by 1, 2, 3, and 4 in
toluene at 532 nm laser pulse is in the order: 4� 3� 2� 1.
These results demonstrate that these compounds are candi-
dates for use in optical limiting applications.


Experimental Section


General: The operations for synthesis prior to the termination reaction
were carried out under purified dry nitrogen. Solvents were purified, dried,
and distilled under dry nitrogen. FT-IR: Perkin-Elmer Spectrum 1000; UV/
Vis: Shimadzu UV-365; MS: Varian Mat 711( FD, temperature of the ion
source: 30 �C; FAB, temperature of the ion source: 50 �C); 1H,13C NMR:
Bruker AC 250 (1H: 250.131 MHz, 13C: 62.902 MHz); Elemental analyses:
Carlo-Erba Elemental Analyser 1104, 1106. Fluorescence spectra (excita-
tion: 355 nm) were measured in toluene on a Shimadzu RF-5300PC
spectrofluorophotometer. Fluorescence lifetimes were measured by a
single-photon counting method using an argon ion laser, a pumped
Ti:sapphire laser (Spectra-Physics, Tsunami 3950-L2S, fwhm 1.5 ps) with a
pulse selector (Spectra-Physics, 3980), a second harmonic generator
(Spectra-Physics, GWU-23PS), and a streakscope (Hamamatsu Photonics,
C4334 ± 01). Each sample was excited in toluene with 410 nm laser light.
Every decay can be fitted with a single exponential. Nanosecond transient
absorption measurements were carried out in toluene using a third
harmonic generation (THG, 355 nm, 24 J/pulse) of a Nd:YAG laser as an
excitation source. Probe light from a pulsed Xe lamp was detected with a
Si-PIN photodiode equipped with a monochromator, after passing through
the sample in a quartz cell (1 cm� 1 cm).


All Z-scan experiments described in this study were performed using 6 ns
pulses from a frequency-doubled (532 nm), Q-switched Nd:YAG laser with
a pulse repetition rate of 10 Hz. The beam was spatially filtered to remove
the far field and tightly focused to a spot of about 20 �m. All samples were
measured in quartz cells with a 1 mm path length, and at concentrations of
about 10�4� in spectroscopic grade toluene.


Chlorogallium(���) 2,(3)-tetra-(tert-butyl)phthalocyanine (1) [tBu4PcGaCl]:
A mixture of anhydrous gallium(���) chloride (0.75 g, 4.26 mmol), 4-tert-
butylphthalonitrile (3 g, 16.3 mmol), quinoline (doubly distilled over CaH2,
15 mL), and 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU, 1 mL) was stirred
at 180 �C for 7 h. The solvent was removed by distillation under reduced
pressure to leave a dark green residue, which was chromatographed on
silica gel using a gradient of toluene and chloroform to remove metal-free
phthalocyanine and the largest portion of polar impurities. The blackish
green fraction (Rf 0) was collected, the solvent evaporated, and the crude
compound recrystallized from a mixture of CH2Cl2/MeOH (v/v 4:3) by
slowly evaporating the more volatile dichloromethane in a rotary
evaporator at 40 ± 60 �C under slightly reduced pressure. To complete the
crystallization, the mixture was kept in a refrigerator overnight. The
complex was collected by filtration, washed twice with methanol and dried
under vacuum at 80 �C for 10 h, yielding 2 (2.35 g; 68.5%) as a blackish
green powder. 1H NMR (CDCl3): �� 1.9 (m, 36H; tBu), 8.2 ± 8.4 (m, 4H;
H-1), 8.9 ± 9.4 ppm (m, 8H; H-2, 2�); 13C NMR (CDCl3): �� 31.1 ± 32.1
(tBuCH3), 36.2 (CMe3), 119.1 ± 119.6 (C-2�), 122.6 ± 122.9(C-2), 128.5 ±
128.6 (C-1), 133.7 ± 133.9 (C-3), 135.9 ± 136.2 (C-3�), 150.4 ± 151.1 (C-4, 4�),
154.2 ± 154.6 ppm (C-1�); FTIR (KBr)): � � 3068 vw, 2958 s, 2866 m, 1734 w,
1682 w, 1615 m, 1507 m, 1483 m, 1406 m, 1394 m, 1364 m, 1334 vs, 1281 m,


1258 s, 1201 m, 1149 m, 1087 vs, 1052 m, 1024 w, 967 w, 929 s, 895 w, 831 m,
765 m, 750 s, 694 m, 670 m , 602 vw, 566 vw, 532 m, 444 vw, 350.5 cm�1 w
(Ga�Cl); UV/Vis (CHCl3): �max� 695, 664.5 (sh), 625, 356 nm; FD-MS:
calcd for C48H48ClGaN8 842.14, found 842.3(100); elemental analysis calcd
(%) for C48H48ClGaN8: C 68.46, H 5.74, N 13.31, Cl 4.21; found: C 66.50, H
5.63, N 12.36, Cl 4.15.


Chloroindium(���) 2,(3)-tetra-(tert-butyl)phthalocyanine (2) [tBu4PcInCl]:
A mixture of InCl3 (1.52 g, 6.88 mmol), 4-tert-butylphthalonitrile (5.07 g,
27.52 mmol), dry quinoline (12 mL), and DBU (1 mL) was stirred at 180 �C
for 5 h. The solvent was removed by distillation under reduced pressure to
leave a dark green residue, which was chromatographed on silica gel using
chloroform as the eluent to remove large amounts of the impurities. The
crude compound was then recrystallized from mixtures of CH2Cl2/MeOH
(v/v 4:3) by slowly evaporating the more volatile chloromethanes in a
rotary evaporator at 40 ± 60 �C under slightly reduced pressure. To
complete the crystallization, the mixture was kept in a refrigerator
overnight. The complex was collected by filtration, washed twice with
methanol, and dried at 80 �C in vacuum, yielding blue-green microcrystals
(2.98 g; 49%). 1H NMR (CDCl3): �� 1.8 (m, 36H; tBu), 8.3 (m, 4H; 1-H),
9.3 (m, 4H; 2-H), 9.4 ± 9.5 ppm (m, 4H; 2�-H); 13C NMR (CDCl3): �� 32.0
(CH3), 36.2 (CMe3), 119.7 ± 119.8 (C-2�), 123.1 ± 123.2 (C-2), 128.5 ± 128.6
(C-1), 135.1 ± 135.2 (C-3), 137.5 ± 137.7 (C-3�), 152.7 ± 153.5 (C-4,4�), 154.6 ±
154.7 ppm (C-1�); FTIR (KBr): � � 3075 vw, 2975 vs, 2903 m, 2866 m, 1613
m, 1485 s, 1393 m, 1364 m, 1330 vs, 1280 m, 1256 s, 1199 w, 1147 w, 1087 vs,
1047 m, 922 s, 896 w, 831 m, 761 w, 746 m, 693 w, 671 w, 602 vw, 568 vw, 524
vw, 444 vw, 336 cm�1 w (In�Cl); UV/Vis (CHCl3): �max� 697, 667(sh), 628,
359.5 nm; FD-MS calcd for C48H48ClInN8 887.2, found 886.2(100); elemen-
tal analysis calcd (%) for C48H48ClInN8: C 64.98, H 5.45, N 12.63, Cl 4.00;
found: C 65.16, H 5.36, N 12.30, Cl 4.13.


�-Oxo-axially bridged gallium(���) phthalocyanine dimer (3) ([(tBu4Pc-
Ga)2O]): [tBu4PcGaCl] (280 mg, 0.332 mmol) at �20 �C was mixed with
96%H2SO4 (35 mL). The resulting red-brown solution was stirred for 2 h at
the same temperature. The mixture was quenched with ice water (100 mL).
After 30 min, the temperature was allowed to rise slowly to room
temperature, and the mixture was stirred for another 1 h. The crude
product was filtered, washed with water until neutral, and then refluxed
with aqueous ammonia for 2 h, filtered hot, washed with hot water until
neutral, and dried for 10 h at 80 �C under vacuum. The navy blue colored
product was obtained in 72% yield (196 mg). 1H NMR (CDCl3): �� 1.7 ±
1.9 (m, 72H; tBu), 7.8 ± 8.3 (m, 8H; 1-H), 8.4 ± 9.4 ppm (m, 16H; 2,2�-H);
13C NMR (CDCl3): �� 30.5 ± 32.0 (tBuCH3), 35.9 ± 36.1 (CMe3), 118.7 ±
119.3 (C-2�), 122.2 ± 122.6 (C-2), 128.2 (C-1), 133.1 ± 133.6 (C-3), 135.9 ±
136.4 (C-3�), 151.6 ± 152.2(C-4,4�), 153.5 ± 154.1 ppm (C-1�); FTIR (KBr):
� � 3068 vw, 2958 s, 2863 m, 1736 w, 1615 m, 1506 m, 1484 m, 1456 m, 1394
m, 1364 m, 1335 s, 1282 m, 1258 s, 1200 m, 1155 m, 1088 vs, 1052 m, 1024 w,
967 w, 929 s, 895 w, 831 m, 767 m, 750 s, 695 m, 670 m , 633 w, 602 vw, 532 m,
446 cm�1 vw; UV/Vis (CHCl3): �max� 693, 662.5(sh), 623.5, 357.5 nm; FD-
MS calcd for C96H96Ga2N16O 1629, found 1628.1(100); elemental analysis
calcd (%)for C96H96Ga2N16O: C 70.77, H 5.94, N 13.75; found: C 69.03, H
5.79, N 12.88.


�-Oxo-axially bridged indium(���) phthalocyanine dimer (4) ([(tBu4PcI-
n)2O]): [tBu4PcInCl] (220 mg, 0.248 mmol) at �20 �C was mixed with
96%H2SO4 (30 mL). The resulting red-brown solution was stirred for 2 h at
the same temperature. The mixture was quenched with ice water (100 mL).
After 30 min, the mixture was allowed to warm slowly to room temper-
ature, and was stirred for another 1 h. The crude product was filtered,
washed with water until neutral, and then refluxed with aqueous ammonia
for 2 h, filtered hot, washed with hot water until neutral, and dried for 10 h
at 80 �C under vacuum. The purplish blue colored product was obtained in
68.5% yield (145.9 mg). 1H NMR (CDCl3): �� 1.8 ± 1.9 (m, 72H; tBu), 8.3
(m, 8H; 1-H), 9.3 ± 9.6 ppm (m, 16H; 2,2�-H); 13C NMR (CDCl3): �� 32.0 ±
32.1 (CH3), 36.0 ± 36.2 (CMe3), 119.7 (C-2�), 123.1 (C-2), 127.5 ± 128.6 (C-1),
135.1 ± 135.3 (C-3), 137.5 ± 137.8 (C-3�), 152.8 ± 153.5 (C-4,4�), 154.3 ±
154.7 ppm (C-1�); FTIR ( KBr): � � 2959 s, 2900 m, 2862 m, 1735 w, 1715
w, 1682 w, 1614 m, 1487 s, 1394 m, 1364 m, 1330 vs, 1281 m, 1257 s, 1200 m,
1151 m, 1087 vs, 1047 m, 1019 w, 1004 w, 922 s, 896 w, 831 m, 761 w, 746 s, 694
m, 672 m, 599 w, 567 w, 525 w, 443 cm�1 w; UV-Vis (CHCl3): �max� 696,
665(sh), 627.5, 360 nm; FAB-MS: m/z : 1719 [M�], 1587.5 [(tBu4Pc)2In�],
1473.7, 1052.3, 884.7, 849.9 [tBu4PcIn�], 833.8, 793,9, 737.2 [tBu4PcH�],
722.2, 681.2; FD-MS:m/z : 1587.5 [(tBu4Pc)2In�], 1220.9, 1016.2, 886.1, 851.1
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[tBu4PcIn�]; elemental analysis calcd for C96H96In2N16O: C 67.06, H 5.63, N
13.03; found: C 66.24, H 5.63, N 11.76.
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Lipase-Catalyzed Domino Kinetic Resolution/Intramolecular Diels ±Alder
Reaction: One-Pot Synthesis of Optically Active 7-Oxabicyclo[2.2.1]heptenes
from Furfuryl Alcohols and �-Substituted Acrylic Acids


Shuji Akai, Tadaatsu Naka, Sohei Omura, Kouichi Tanimoto, Masashi Imanishi,
Yasushi Takebe, Masato Matsugi, and Yasuyuki Kita*[a]


Abstract: The first lipase-catalyzed
domino reaction is described in which
the acyl moiety formed during the
enzymatic kinetic resolution of furfuryl
alcohols (�)-3 with a 1-ethoxyvinyl ester
2 was utilized as a part of the constituent
structure for the subsequent Diels ±
Alder reaction. The preparation of ester
2 from carboxylic acid 1 and the sub-
sequent domino reaction were carried
out in a one-pot reaction. Therefore, this
procedure provides a convenient prepa-


ration of the optically active 7-oxabicy-
clo[2.2.1]heptene derivatives 5, which
has five chiral, non-racemic carbon cen-
ters, from achiral 1 and racemic 3. The
overall efficiency of this process was
dependent on the substituent at the C-3
position of 3, and the use of the 3-meth-


ylfurfuryl derivatives, (�)-3b and (�)-
3 f, exclusively produced diastereoselec-
tivity with excellent enantioselectivity to
give (2R)-syn-5 (91 ± � 99% ee) and
(S)-3 (96 ± � 99% ee). Similar proce-
dures starting from the 3-bromofurfuryl
alcohols (�)-3h ± j provided the cyclo-
adducts (2R)-syn-5 j ±q (93 ± � 99% ee),
in which the bromo group was utilized
for the installation of bulky substituents
to the 7-oxabicycloheptene core.


Keywords: asymmetric synthesis ¥
cycloadditions ¥ domino reactions ¥
hydrolases ¥ kinetic resolution


Introduction


The lipase-catalyzed enantioselective transesterification of
racemic alcohols (�)-I with vinyl esters II in organic solvents
has been widely employed to give optically active esters III
(Scheme 1).[1] These reactions are more advantageous than
the original enzymatic hydrolysis of esters in terms of their
simple operation, the good solubility of the substrates, and the
prevention of water dependent side reactions. In addition to
the inherent nontoxicity of the lipases, recent studies on the
efficient application of supercritical carbon dioxide[2] and
ionic liquids[3] as a solvent have raised the potential of the
lipase-catalyzed transesterification reaction as an environ-
mentally benign asymmetric synthesis.


Although this reaction provides optically active III, the
installed acyl moiety is usually removed during the subse-
quent transformations, therefore its effective use as a part of
the constituent structure of the subsequent reactions has been
limited.[4] In addition, all of the reported examples were


carried out after isolation of III. If one can achieve a domino
process,[5] namely, the enzymatic transesterification followed
by an intramolecular cyclization reaction of R1 and R3 groups
of III, such a reaction must be attractive because it provides
optically active cyclic compounds IV with multichiral carbon
centers in a one-pot reaction. The potential influence of the
lipase on the intramolecular reaction of III might have a
chance of improving the optical purity and the diastereose-
lectivity of the products. However, no examples have been
reported probably due to the lack of the easy preparation of II
having a reactive acyl moiety (Scheme 1).


Recently, we disclosed that 1-ethoxyvinyl esters V are
highly effective acyl donors for the lipase-catalyzed kinetic
resolution of racemic alcohols[6] and the desymmetrization of
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Scheme 1. Transesterification of (�)-I with II or V.
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symmetrical diols.[7] Some remarkable advantages of Vover II
involve the generation of nonharmful, volatile ethyl acetate as
a single co-product,[8] facile preparation of V with an acyl
moiety of various kinds,[9] and its applicability for a one-pot
enzymatic reaction following the preparation of V.[6b]


Utilizing these features, we briefly communicated the one-
pot synthesis of the 7-oxabicyclo[2.2.1]heptenes, 5a (R1�
CO2Me, R2�R3�H, R4�Me) and 5b (R1�CO2Me, R2�
H, R3�R4�Me), from the carboxylic acid 1a (R1�CO2Me)
and the racemic furfuryl alcohol derivatives, 3a (R2�R3�H,
R4�Me) and 3b (R2�H, R3�R4�Me). In this process, the
domino reaction, that is the lipase-catalyzed kinetic resolution
of 3 using an in situ prepared ethoxyvinyl ester 2a followed by
an intramolecular Diels ±Alder reaction of the resulting
optically active ester 4, was achieved for the first time
(Scheme 2).[10] We now present details of these reactions with
additional examples of the formation of 5 with up to�99% ee
and some synthetic applications.


Scheme 2. The domino kinetic resolution/Diels ±Alder reaction starting
from 1 and (�)-3.


Results and Discussion


Enantiomerically pure 7-oxabicyclo[2.2.1]heptenes are highly
useful as synthetic intermediates of various biologically
important natural products.[11] Intensive efforts have been
devoted to synthesize these structures, among which the
intramolecular Diels ±Alder reaction of the optically active
furan derivatives is one of the most effective methods.[12] The
intramolecular Diels ±Alder reaction of furfuryl acrylate
derivatives 4 under thermal or high-pressure conditions is a
typical example.[12a] The requisite optically active esters 4
were prepared by esterification of the corresponding optically
active furfuryl alcohols 3, obtained by chemical[13] or enzy-
matic reactions.[14, 15] In contrast to these stepwise methods, we
envisaged a highly effective, domino synthesis of optically
active 5 via the lipase-catalyzed kinetic resolution of (�)-3
with 2 followed by the intramolecular Diels ±Alder reaction
(Scheme 2). For the success of this plan, the easy preparation
of the reagents 2 with a dienophilic moiety and their
applicability in the enzymatic reaction were the pivotal issues
to be investigated.


The preparation of new ethoxyvinyl esters 2 was examined
by applying our method.[9] Thus, monomethyl fumarate (1a)
was added to a mixture of ethoxyacetylene (1.5 equiv to 1a)
and [RuCl2(p-cymene)]2 (0.5 mol% to 1a) in anhydrous
acetone at 0 �C, and the reaction mixture was stirred at room
temperature. The reaction was monitored by IR spectroscopy
which found that 1a was consumed within 3 ± 5 h; the
formation of 2a was confirmed by the appearance of the
characteristic absorption of its olefin (1676 cm�1 in CHCl3).
Concentration of the reaction mixture gave 90 ± 95% pure 2a
(1H NMR analysis) in quantitative yield. However, 2a was not
very stable, and purification by either silica gel flash column
chromatography using a mixture of hexane/ethyl acetate/Et3N
as the eluent or distillation under reduced pressure caused
partial decomposition. Although the crude 2a was contami-
nated with a catalytic amount of [RuCl2(p-cymene)]2, we have
already confirmed that the enzymatic transesterification of
various alcohols was not affected by the presence of the
ruthenium complex. Thus, the reaction using a crude ethox-
yvinyl ester presented the same reactivity and same selectivity
as that using the purified reagent.[6b] Therefore, the crude
solution of 2a in acetone was used for the subsequent
enzymatic resolution. Similarly, the ethoxyvinyl esters 2b, c
having an electron-withdrawing group were prepared in
�90% yields (1H NMR analysis) (Scheme 3).


OEt


CO2H
R1 O OEt


O


R1[RuCl2(p-cymene)]2


 90% (NMR yields)


acetone, 0 °C → r. t.


1a:  R1 = CO2Me
1b:          CO2Et
1c:          COMe


2a:  R1 = CO2Me
2b:          CO2Et
2c:          COMe


Scheme 3. Preparation of 2a ± c from 1a ± c.


Next, suitable enzymes for the kinetic resolution of (�)-3a
were investigated using a crude solution of 2a in acetone. We
checked the reaction conversion and the optical purity of the
ester 4a prior to the formation of the cycloadduct 5a. After
screening a number of hydrolytic enzymes including lipases
(Amano A-6, AK, AY, PPL, PS; Meito MY, OF; Toyobo LIP;
Novo CHIRAZYME L-3) and pig liver esterase, lipases from
the Pseudomonas species (LIP, AK, PS) were found to
actively catalyze the kinetic resolution (Table 1). Especially
Toyobo LIP, a lipase from Pseudomonas aeruginosa immobi-
lized on Hyflo Super-Cell, gave the optically active (R)-4a
(70% ee, 26% yield) along with the recovered alcohol (S)-3a
(34% ee, 65% yield) after 10 h (entry 1).


The domino reaction of (�)-3a was carried out by simply
prolonging the reaction time of the above-mentioned kinetic
resolution, and meanwhile, the gradual formation of (2R)-syn-
5a and (2R)-anti-5a was observed (Scheme 4). The time-
course of the reaction monitored by 1H NMR analysis has
revealed that the Diels ±Alder reaction reached equilibri-
um[16] after 7 ± 8 days (Figure 1). At this point, a 3:2 mixture of
(2R)-syn-5a (78 ± 79% ee) and (2R)-anti-5a (75 ± 81% ee) was
obtained in 25 ± 36% yield after a few repeated runs.[17] (R)-4a
(10 ± 68% ee, 20 ± 29% yield) and (S)-3a (73 ± 79% ee, 35 ±
46% yield) were also isolated. Quite interestingly, the optical
purity of either the syn- or anti-5a was higher than that of the
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intermediate (R)-4a (70% ee)
at 10 h, which suggested some
catalytic effect of the lipase
on the Diels ±Alder reac-
tion with increasing optical pu-
rity.[18]


Some other examples of the
domino kinetic resolution/in-
tramolecular Diels ±Alder re-
action of (�)-3c ± e using crude
2a are summarized in Table 2.
All these reactions provided a
mixture of (2R)-syn- and (2R)-
anti-5c ± e in favor of the syn-
isomer. Especially, both syn-
and anti-5d, e were obtained
as a single enantiomer (en-


tries 2 and 3). However, the equilibrium between 4 and 5
has hampered the improvement of the chemical yields of
5c ± e.


On the other hand, the domino reaction of the furfuryl
alcohol (�)-3b having a methyl group at the C-3 position
with 2a gave much better results than those of 3a and
3c ± e. Thus, the kinetic resolution at 30 �C reached 50%
conversion within one day to provide (2R)-syn-5b (82% ee,
42% yield) as a single product along with the recovery
of (S)-3b (71% ee, 44% yield) (Table 3, entry 1). The
intramolecular Diels ±Alder reaction instantaneously and
completely proceeded, and formation of the ester 4b was
not detected by the 1H NMR analysis of the crude product.
A similar reaction proceeded at 20 �C with better enan-
tioselectivity to give (2R)-syn-5b (91% ee, 34% yield)
and (S)-3b (�99% ee, 45% yield) (entry 2), whereas the
reaction at 4 �C was tedious and no improvement was
attained.


In a similar manner, the reaction of (�)-3 f with 2a at 20 �C
accomplished perfect resolution to give (2R)-syn-5 f (�99%
ee, 45% yield) and (S)-3 f (�99% ee, 50% yield) (entry 3).
Similar reactions using the in situ prepared 2b, c also
provided the corresponding (2R)-syn-5g, h (95 ± � 99% ee)
and (S)-3 f (96 ± � 99% ee) (entries 4 and 5); however, the


Table 1. Screening of suitable enzymes for the kinetic resolution of (�)-3a using 2a.


O
OH


O
OH


O


O OEt


O


MeO2C


OMeO2C


O
(R)-4a


enzyme
acetone, 30 °C


+


(±)-3a
(S)-3a


2a
(a crude soln in acetone)


Entry enzyme[a] Reaction time (R)-4a (S)-3a


ee [%][b] Yield [%][c] ee [%][d] Yield [%][c]


1 LIP (Pseudomonas aeruginosa) 10 h 70 26 34 65
2 AK (Pseudomonas sp.) 1.5 d � 10 49 8 36
3 PS (Pseudomonas cepacia) 1.5 d � 10 44 6 38


[a] Unreactive enzymes (�10% conversion after 10 d); A-6 (Aspergillus niger), AY (Candida rugosa), MY
(Candida rugosa), OF (Candida rugosa), L-3 (Candida rugosa), porcine pancreas, and pig liver esterase.
[b] Determined by the HPLC (Daicel CHIRALCEL OD) analysis. [c] Isolated yield. [d] Determined by the GC
analysis using a chiral column (TCI CHIRALDEX G-TA).


Table 2. Domino kinetic resolution/Diels ±Alder reaction of (�)-3c ± e with 2a.[a]
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LIP +
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For 3–5;  c: R1 = H, R2 = Et, d: R1 = R2 = Me, e: R1 = Me, R2 = Et


 (S)-3c–e


2


Entry 3 R1 R2 Reaction (2R)-5c ± e (R)-4c ± e (S)-3c ± e


time ee [%][b] Total
yield
[%][c]


de
[%][d]


Yield
[%][e]


ee
[%][b]


Yield
[%][c]syn anti


1 3c H Et 12 d 5c 77 78 50 46 4c 14 3c 86 32
2 3d Me Me 5 d 5d � 99 � 99 31 24 4d 23 3d 98 46
3 3e Me Et 5 d 5e � 99 � 99 27 42 4e 22 3e � 99 51


[a] The reaction was run according to the typical procedure in the Experimental Section. [b] For determination of the enantiomeric excess of the products, see
the general method of the experimental section. [c] Isolated yield. [d] Obtained in favor of syn-5. Diastereomeric excess was determined by the 500 MHz
1H NMR analysis. [e] Yield based on the 500 MHz 1H NMR analysis of the crude reaction mixture.
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Scheme 4. Lipase LIP-catalyzed domino kinetic resolution/Diels ±Alder
reaction of (�)-3a with 2a.


Figure 1. Time-course of the domino reaction of (�)-3a with 2a.
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application of this method to (�)-3g having a phenyl group at
the C-3 position resulted in no reaction (entry 6).


As mentioned above, some problems have been uncovered
for the C-3 unsubstituted furfuryl alcohols 3a, 3c ± e and the
C-3 phenyl substituted one 3g : The low yield and the low
diastereoselectivity for 3a, 3c ± e and the limited applicability
for the sterically congested alcohols such as 3g. Aiming at the
solution of these problems at once, we next investigated the
domino reaction of the furfuryl alcohol (�)-3h having a key
bromo group at the C-3 position.[19] To our delight, the
reaction of the 3-bromofuryl alcohol (�)-3h with 2b at 30 �C
gradually gave the cycloadduct, (2R)-syn-5 j. After six days,
the Diels ±Alder reaction reached completion, and (2R)-syn-
5 j (96% ee, 43% yield) and (S)-3h (�99% ee, 38% yield)
were isolated (entry 7). The exclusive diastereoselectivity was
confirmed by the 1H NMR analysis of the crude product.
Likewise, (�)-3h ± j and 2a ± c were subjected to similar
reaction conditions to produce the diastereoselective prepa-
ration of (2R)-syn-5k ±q with 93 ± � 99% ee (entries 8 ± 14).
In most cases, the Diels ±Alder reaction was brought to
completion; however, the reaction of 2c and 3 i suffered from
an incomplete Diels ±Alder reaction and also the retro-
Diels ±Alder reaction during the silica gel chromatography
(entry 11).


The hydrogenation of syn-5 l afforded syn-6e (�99% de) in
79% yield. On the contrary, the same sequence from 3e
resulted in the formation of a hardly separable mixture of syn-
and anti-6e (Scheme 5).


The application of the Suzuki coupling[20] to syn-5 j enabled
us to obtain syn-5 i (61% yield) which could not be prepared


OO


MeO2C O
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(79%, >99% de)
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a


syn-5l (>99% de)


Table 3, 
entry 9


a


Table 2, 
entry 3


for 3i


for 3e
(±)-3i : R = Br
(±)-3e: R = H


Scheme 5. Preparation of syn-6e. a) Pd/C, H2, MeOH, room temperature.


from 3g (Table 3, entry 6). Similarly, by the Sonogashira
coupling,[21] syn-5r having a (trimethylsilyl)ethynyl group was
prepared in 60% yield (Scheme 6). This protocol will open a


Scheme 6. Preparation of syn-5 i and 5r having a bulky substituent.
a) PhB(OH)2, PdCl2(PPh3)2, Na2CO3, THF, 65 �C; b) (trimethylsilyl)ace-
tylene, Pd(PPh3)4, CuI, Et2NH, DMF, 50 �C.


Table 3. Domino kinetic resolution/Diels ±Alder reaction of (�)-3b, 3 f ± j with 2a ± c.[a]


Entry 2 3 Reaction
conditions


(2R)-syn-5[b] (S)-3


R1 R2 R3 R4 ee Yield ee Yield
[%][c] [%][d] [%][c] [%][d]


1 2a 3b 30 �C, 1 d 5b CO2Me H Me Me 82 42 (S)-3b 71 44
2 2a 3b 20 �C, 2 d 5b CO2Me H Me Me 91 34 (S)-3b � 99 45
3 2a 3 f 20 �C, 2 d 5 f CO2Me H Me Et � 99 45 (S)-3 f � 99 50
4 2b 3 f 30 �C, 4 d 5g CO2Et H Me Et � 99 46 (S)-3 f 96 43
5 2c 3 f 30 �C, 4 d 5h COMe H Me Et 95 44 (S)-3 f � 99 47
6 2b 3g 30 �C, 7 d 5 i CO2Et H Ph Et ± trace 3g ± � 95
7 2b 3h 30 �C, 6 d 5j CO2Et H Br Et 96 43 (S)-3h � 99 38
8 2c 3h 30 �C, 5 d 5k COMe H Br Et � 99 40 (S)-3h � 99 48
9[e] 2a 3 i 30 �C, 2.5 d 5 l CO2Me Me Br Et 95 35 (S)-3 i 82 54


10 2b 3 i 30 �C, 2.5 d 5m CO2Et Me Br Et 95 30 (S)-3 i � 99 45
11[e] 2c 3 i 10 �C, 1 d 5n COMe Me Br Et � 99 34[f] (S)-3 i 82 48
12 2a 3 j 30 �C, 4.5 d 5o CO2Me CH2OMe Br Et 94 43 (S)-3 j � 99 44
13 2b 3 j 30 �C, 4.5 d 5p CO2Et CH2OMe Br Et 96 45 (S)-3 j 98 44
14 2c 3 j 30 �C, 4.5 d 5q COMe CH2OMe Br Et 93 36 (S)-3 j 93 44


[a] The reaction was run according to the typical procedure in the Experimental Section. [b] syn :anti �99:1 based on the 1H NMR analysis of the crude
reaction mixture. [c] For determination of the enantiomeric excess of the products, see the methods of the Experimental Section. [d] Isolated yield.
[e] Formation of the ester 4 was observed based on the 1H NMR analysis of the crude product; 6% for entry 9, 11% for entry 11. [f] Contaminated with 12%
of the corresponding ester 4n due to the retro-Diels ±Alder reaction of 5n during the silica gel column chromatography.
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new approach towards the asymmetric synthesis of some
biologically interesting natural products such as viridin[22] and
himbacine.[23]


The absolute configuration of 3a ± e recovered in the
enzymatic reactions was determined to be (S) based on the
comparison of their specific rotation values with those of the
reported values. The product syn-6e from either 3e or 3 i was
identical, and therefore, the absolute stereochemistry of (2R)-
5 l and (S)-3 i was determined. The absolute configuration of
all the new alcohols 3 f,h, jwas deduced to be (S) based on the
similarity of their specific rotational values to those of 3a ± e
and 3 i. Consequently, the absolute configuration of all the
Diels ±Alder adducts 5a ± q is (R) at the C-2 position. The
relative stereochemistry of the adducts, syn-5a, anti-5a, syn-
5b, syn-5c, and anti-5c, was determined by the comparison of
their 1H NMR data with those of the reported data.[12a] The
others were deduced to be the same by the similarity of their
1H and 13C NMR data to those of 5a ± c.


Conclusion


The first lipase-catalyzed domino reaction was developed in
which the acyl moiety installed during the enzymatic kinetic
resolution was utilized as a part of the constituent structure
for the subsequent Diels ±Alder reaction. Coupled with the in
situ preparation of 2, this reaction has achieved a one-pot
synthesis of optically active 7-oxabicyclo[2.2.1]heptene deriv-
atives 5 having five chiral, non-racemic carbon centers from
an achiral carboxylic acid 1 and a racemic alcohol 3
(Scheme 2). It also takes advantages of the atom efficiency
and the environmentally acceptable nature of the lipases, and
therefore, is attractive as a new environmentally benign
protocol. We believe wide applicability of this concept to a
finely designed process that starts from a carboxylic acid with
a reactive functional group and an alcohol with a reactive
counterpart.[24]


On the other hand, the potential catalytic effect of the
lipase LIP on the Diels ±Alder reaction offers an interesting
topic because the natural-enzyme-catalyzed Diels ±Alder
reactions have recently been receiving increasing attention.[25]


A detailed evaluation of the lipase effect is currently under
progress in our laboratory.


Experimental Section


Methods : The 1H NMR spectra were measured at 300 or 500 MHz with
tetramethylsilane (TMS) as the internal standard at 20 ± 25 �C. The
13C NMR spectra were measured at 75 or 125 MHz with TMS as the
internal standard at 20 ± 25 �C. The IR spectra were recorded by a diffuse
reflectance measurement of samples dispersed in KBr powder or as a
CHCl3 solution. Flash column chromatography was done using silica gel
BW-300 (200 ± 400 mesh, Fuji Silysia Chemical Co., Ltd., Japan). Yields
refer to isolated material of�95% purity as determined by 1HNMR unless
otherwise noted. The diastereoselectivity of the syn- and anti-5 was
determined based on the 1H NMR (300 or 500 MHz) data of the crude
product. The determination of the optical purity of the products was
performed by the following methods: 3a ± f, chiral GC analysis using TCI
CHIRALDEX G-TA (10 m� 0.125 mm, 0.125 �m film thickness); 3h ± j,
4a, 5k ± n, chiral HPLC analysis using a Daicel CHIRALCEL OD or OD-


H column (250 mm� 4.6 mm); 4 j, 5 j, p, chiral HPLC analysis using a
Daicel CHIRALPAK AD-H column (250 mm� 4.6 mm); 5a ± c, f, o,
chiral HPLC analysis using a Daicel CHIRALCEL OJ column
(250 mm� 4.6 mm); 5q, chiral HPLC analysis using a Daicel CHIRAL-
PAK AS column (250 mm� 4.6 mm); 5a, d, e, g,h, chiral GC analysis
(TCI CHIRALDEX G-TA) of its derivative obtained by hydrogenation of
the mixture of syn- and anti-5 (for details, see the hydrogenation of 5d). A
mixture of hexane-iPrOH was used as the eluent for the HPLC analysis.


Materials : Lipases AK (Pseudomonas sp.), PS (Pseudomonas cepacia), A-6
(Aspergillus niger), AY (Candida rugosa), porcine pancreas, and pig liver
esterase were gifts fromAmano Enzyme Inc. (Japan). Lipase MY (Candida
rugosa) and OF (Candida rugosa) were gifts from Meito Sangyo Co., Ltd.
(Japan). CHIRAZYME L-3 (Candida rugosa) was a gift from Roche
Diagnostics (Japan). Lipases LIP (Pseudomonas aeruginosa) was a gift
from Toyobo Co., Ltd. (Japan). Enzymes except for LIP were dried (1 mm
Hg, room temperature, overnight) prior to use, and LIP was used without
prior treatment. Anhydrous acetone (H2O �0.005%) used for the
preparation of 2 and the subsequent enzymatic reaction was purchased
from Kanto Chemical Co., Inc. (Japan), and kept under a nitrogen
atmosphere before use. Known compounds [1a,[26] 1b,[26, 27] 1c,[28] (�)-3a-
c,[12a] (�)-3d,[29] (�)-3e,[29] and (�)-4a[12a]] were prepared according to their
reported methods. Unknown compounds (�)-3 f ± j were prepared as
follows. The others are commercially available.


(�)-1-(3-Methyl-2-furyl)propanol (3 f): Under a nitrogen atmosphere,
EtMgBr (1.0� in THF, 17 mL, 17 mmol) was added to an ice-cooled
solution of 3-methyl-2-furfural[12a] (1.6 g, 14 mmol) in anhydrous THF
(15 mL). The reaction mixture was stirred at 0 �C for 30 min and quenched
with saturated aqueous NH4Cl. The organic layer was separated, and the
aqueous layer was extracted with Et2O. The combined organic layer was
washed with brine, dried over Na2SO4, and concentrated in vacuo.
Purification by flash column chromatography (hexane/EtOAc 1:1) gave
(�)-3 f (1.1 g, 56%) as a colorless oil. 1H NMR (300 MHz, CDCl3): �� 0.88
(t, J� 7.5 Hz, 3H), 1.74 (d, J� 5.5 Hz, 1H), 1.82 ± 1.98 (m, 2H), 2.04 (s, 3H),
4.61 (dt, J� 5.0, 7.0 Hz, 1H), 6.19 (d, J� 2.0 Hz, 1H), 7.28 (d, J� 2.0 Hz,
1H); 13C NMR (75 MHz, CDCl3): �� 9.6, 10.0, 28.8, 67.5, 112.9, 116.3,
140.9, 150.6; IR (KBr): �� � 3603, 1587 cm�1; elemental analysis calcd (%)
for C8H12O2 (140.2): C 68.54, H 8.63; found: C 68.31, H 8.60.


(�)-1-(3-Phenyl-2-furyl)propanol (3g): Under a nitrogen atmosphere,
PhB(OH)2 (160 mg, 1.25 mmol), PdCl2(PPh3)2 (70 mg, 0.10 mmol), and
2� aqueous Na2CO3 (2.0 mL, 4.0 mmol) were successively added to a
solution of (�)-3g (100 mg, 0.50 mmol) in THF (10 mL). The reaction
mixture was stirred at refluxing temperature for 12 h. After cooling, the
reaction was quenched with water, and the product was extracted with
EtOAc twice. The combined organic layer was washed with brine, dried
with Na2SO4, and concentrated in vacuo. The residue was purified by Japan
Analytical Industry Co., Ltd. Recycling preparative HPLC LC-928
equipped with gel permeation chromatography columns, JAIGEL 1H
and 2H (each 600 mm� 20 mm) (eluent: CHCl3) to give 3g (24 mg, 24%)
as a colorless oil. 1H NMR (300 MHz, CDCl3): �� 0.91 (t, J� 7.5 Hz, 3H),
1.91 ± 2.01 (m, 2H), 4.72 (dd, J� 7.0, 12.5 Hz, 1H), 6.51 (d, J� 2.0 Hz, 1H),
7.27 ± 7.56 (m, 6H); IR (KBr): �� � 3342, 1612, 1512 cm�1; HRMS: calcd for
C13H14O2 [M�]: 202.0994; found: 202.1001.


(�)-1-(3-Bromo-2-furyl)propanol (3h): According to the reported meth-
od,[30] a solution of 3-bromo-2-lithiofuran in anhydrous THF was prepared
from 3-bromofuran (0.90 mL, 10 mmol), iPr2NH (1.4 mL, 10 mmol), and
nBuLi (1.6� in hexane, 6.4 mL, 10 mmol). A solution of propanal (0.80 mL,
11 mmol) in anhydrous THF (15 mL) was added to it at �78 �C, and the
reaction mixture was stirred at �78 �C for 15 min and quenched with
saturated aqueous NH4Cl (125 mL). The product was extracted with Et2O
three times, and the combined organic layer was washed with brine, dried
with Na2SO4, and concentrated in vacuo. Purification by flash column
chromatography (hexane/Et2O 19:1 	 3:1) gave (�)-3h (1.5 g, 72%) as a
colorless oil. 1H NMR (300 MHz, CDCl3): �� 0.89 (t, J� 7.5 Hz, 3H),
1.82±1.98 (m, 2H), 2.21 (s, 1H), 4.71 (t, J�7.5 Hz, 1H), 6.39 (d, J�2.0 Hz,
1H), 7.34 (d, J�2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3): ��9.8, 28.3, 67.2,
97.4, 113.7, 142.2, 152.2; IR (KBr): �� � 3342, 1574 cm�1; elemental analysis
calcd (%) for C7H9BrO2 (205.0): C 41.00, H 4.42; found: C 40.95, H 4.37.


(�)-1-(3-Bromo-5-methyl-2-furyl)propanol (3 i): Prepared according to the
reported method for the synthesis of similar compounds.[31] Under a
nitrogen atmosphere, iPr2NH (3.4 mL, 24 mmol) and nBuLi (1.6� in
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hexane, 15.6 mL, 24 mmol) were successively added to a mixture of
KO(tBu) (2.7 g, 24 mmol) and anhydrous THF (50 mL), and the reaction
mixture was stirred at�78 �C for 1 h. A solution of 2-bromo-5-methylfuran
(3.3 g, 20 mmol) in anhydrous THF (10 mL) was added to the above
reaction mixture over a period of 5 min, and the mixture was gradually
allowed to warm up to�20 �C over a period of 1 h with stirring. After 1 h at
�20 �C, propanal (2.3 mL, 32.6 mmol) was added to the reaction mixture
over a period of 10 min, and the whole mixture was stirred at�20 �C for 2 h
and then at 0 �C for 4 h. The reaction mixture was poured onto a 1:1 mixture
of saturated aqueous NH4Cl and ice. The organic layer was separated, and
the aqueous layer was extracted with Et2O twice. The combined organic
layer was washed with brine, dried with Na2SO4, and concentrated in vacuo.
The residue was purified by column chromatography (hexane/Et2O 5:1 	
3:1) to give 3 i (0.57 g, 13%) as a colorless oil. 1H NMR (300 MHz, CDCl3):
�� 0.89 (t, J� 7.5 Hz, 3H), 1.82 ± 1.94 (m, 2H), 2.26 (d, J� 1.0 Hz, 3H),
4.65 (dt, J� 5.5, 7.5 Hz, 1H), 5.97 (q, J� 1.0 Hz, 1H); 13C NMR (75 MHz,
CDCl3): �� 9.9, 13.7, 28.4, 67.3, 97.8, 109.6, 150.3, 152.1; IR (KBr): �� � 3340,
1568 cm�1; elemental analysis calcd (%) for C8H11BrO2(219.1): C 43.86, H
5.06; found: C 44.17, H 5.14.


(�)-1-(3-Bromo-5-methoxymethyl-2-furyl)propanol (3 j): Methyl 4,5-di-
bromofuran-2-carboxylate[32] was converted to 2,3-dibromo-5-(methoxy-
methyl)furan by standard methods: Reduction using diisobutylaluminum
hydride in THF followed by O-methylation using NaH and MOMCl in
THF. Under a nitrogen atmosphere, a solution of 2,3-dibromo-5-(methox-
ymethyl)furan (0.20 g, 0.74 mmol) in anhydrous THF (2 mL) was cooled to
�78 �C, and nBuLi (1.6� in hexane, 0.48 mL, 0.74 mmol) was added. After
stirring the reaction mixture at �78 �C for 20 min, a solution of propanal
(47 mg, 0.82 mmol) in anhydrous THF (3 mL) was added over 1 min. The
reaction mixture was stirred for 5 min and quenched with saturated
aqueous NH4Cl. Similar work-up and column chromatography (hexane/
Et2O 49:1 	 1:1) as described for the preparation of 3h gave (�)-3j
(46 mg, 25%) as a colorless oil. 1H NMR (300 MHz, CDCl3): �� 0.92 (t,
J� 7.5 Hz, 3H), 1.83 ± 2.04 (m, 2H), 2.01 (s, 1H), 3.35 (s, 3H), 4.35 (s, 2H),
4.67 ± 4.74 (m, 1H), 6.33 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 9.8, 28.4,
57.9, 66.1, 67.3, 97.6, 113.0, 151.2, 152.4; IR (KBr): �� � 3396, 1601 cm�1;
elemental analysis calcd (%) for C9H13BrO3 (249.1): C 43.39, H 5.26; found:
C 43.08, H 5.11.


1-Ethoxyvinyl methyl fumarate (2a)–A Typical procedure for the
preparation of 2 : Under a nitrogen atmosphere, 1a (98 mg, 0.75 mmol)
was portionwise added to an ice-cooled solution of ethoxyacetylene[7e]


(79 mg, 1.1 mmol) and [RuCl2(p-cymene)]2 (4.5 mg, 0.0075 mmol) in
anhydrous acetone (3.0 mL) over a period of 30 min. The reaction mixture
was stirred at room temperature for 5 h. An aliquot was concentrated in
vacuo and was subject to 1H NMR and IR analyses. Usually 1a was
consumed at this point. In the case of incomplete reaction, the stirring was
continued for another 5 h. The reaction mixture was used for the following
enzymatic reaction as such. Concentration of the reaction mixture in vacuo
gave 2a (160 mg, quant.) with 90 ± 95% purity based on the 1H NMR
analysis. Similar reaction was run from 1a (1.0 g, 7.7 mmol) and the crude
product was purified by either flash column chromatography (hexane/
EtOAc/Et3N 83:17:1) or distillation [b.p. 120 ± 130 �C at 2.0 mmHg (bath
temp.)] to give analytically pure 2a as a colorless oil (0.47 g, 31% or 0.80 g,
52%, respectively). 1H NMR (300 MHz, CDCl3): �� 1.34 (t, J� 7.0 Hz,
3H), 3.81 (d, J� 3.5 Hz, 1H), 3.82 (s, 3H), 3.88 (d, J� 3.5 Hz, 1H), 3.90 (q,
J� 7.0 Hz, 2H), 6.88 (d, J� 16.0 Hz, 1H), 6.97 (d, J� 16.0 Hz, 1H);
13C NMR (75 MHz, CDCl3): �� 14.1, 52.5, 65.2, 72.2, 132.4, 135.1, 156.7,
162.1, 165.0; IR (CHCl3): �� � 1755, 1732, 1676 cm�1; elemental analysis
calcd (%) for C9H12O5 (200.2): C 54.00, H 6.04; found: C 54.04, H 6.02.


1-Ethoxyvinyl ethyl fumarate (2b): Similarly to the preparation of 2a, 2b
(5.3 g, quant., approx. 95% purity by 1H NMR analysis) was obtained from
1b (3.6 g, 25 mmol) and was used for the following enzymatic reaction as
such. Distillation of the crude product gave analytically pure 2b (1.6 g,
30%) as a colorless oil. B.p. 105 ± 107 �C at 2.5 mmHg; 1HNMR (300 MHz,
CDCl3): �� 1.32 (t, J� 7.0 Hz, 3H), 1.35 (t, J� 7.0 Hz, 3H), 3.83 (d, J�
4.0 Hz, 1H), 3.91 (d, J� 4.0 Hz, 1H), 3.93 (q, J� 7.0 Hz, 2H), 4.28 (q, J�
7.0 Hz, 2H), 6.88 (d, J� 16.0 Hz, 1H), 6.97 (d, J� 16.0 Hz, 1H); 13C NMR
(75 MHz, CDCl3): �� 14.0, 61.4, 65.0, 72.0, 132.0, 135.6, 156.7, 162.1, 164.4;
IR (CHCl3): �� � 1751, 1724, 1676 cm�1; elemental analysis calcd (%) for
C10H14O5 (214.2): C 56.07, H 6.59; found: C 55.53, H 6.50.


1-Ethoxyvinyl 4-oxo-2-pentenoate (2c): Similarly to the preparation of 2a,
2c (2.4 g, quant., approx. 90% purity by 1H NMR analysis) was obtained


from 1c (1.37 g, 12 mmol) and was used for the following enzymatic
reaction as such. Distillation of the crude product gave analytically pure 2c
(0.11 g, 5%) as a pale yellow oil. B.p. 70 ± 80 �C at 2.0 mm Hg; 1H NMR
(300 MHz, CDCl3): �� 1.35 (t, J� 7.0 Hz, 3H), 2.38 (s, 3H), 3.83 (d, J�
3.5 Hz, 1H), 3.907 (q, J� 7.0 Hz, 2H), 3.912 (d, J� 3.5 Hz, 1H), 6.68 (d, J�
16.0 Hz, 1H), 7.12 (d, J� 16.0 Hz, 1H); 13C NMR (75 MHz, CDCl3): ��
14.1, 28.3, 65.1, 72.1, 129.9, 141.5, 156.7, 162.6, 197.0; IR (CHCl3): �� � 1751,
1703, 1676 cm�1; elemental analysis calcd (%) for C9H12O4 (184.2): C 58.69,
H 6.57; found: C 58.23, H 6.65.


Lipase-catalyzed kinetic resolution of (�)-3a with 2a : A solution of 2a
(0.75 mmol) in acetone (3.0 mL), prepared as above-described, was placed
in a resealable tube. (�)-3a (56 mg, 0.50 mmol) and lipase LIP (0.10 g)
were added, and the tube was sealed. The reaction mixture was stirred at
30 �C for 10 h and filtered through a Celite pad. The filtrate was
concentrated in vacuo, and the residue was purified by flash column
chromatography (hexane/Et2O 3:1) to give (S)-3a (36 mg, 65%, 34% ee)
and (R)-4a (29 mg, 26%, 70% ee).


(S)-3a (34% ee): Colorless oil. [�]28D ��5.8 (c� 1.0, CHCl3). [lit.[13f] [�]24D �
� 20.1 (c� 1.0, CHCl3)].


(R)-1-(2-Furyl)ethyl methyl fumarate [(R)-4a] (70% ee): Colorless oil.
[�]27D ��6.2 (c� 1.4, CH2Cl2) [lit.[12a] [�]25D ��8.8 (c� 4.6, CH2Cl2) for (S)-
4a]. Spectroscopic data of 4a were identical with the reported data.[12a]


Lipase-catalyzed domino kinetic resolution/Diels ± Alder Reaction of (�)-
3a with 2a–A typical procedure : A solution of 2a (0.75 mmol) in acetone
(3.0 mL), prepared as above-described, was placed in a resealable tube.
(�)-3a (56 mg, 0.50 mmol) and lipase LIP (0.10 g) were added, and the
tube was sealed. The reaction mixture was stirred at 30 �C for 8 d and
filtered through a Celite pad. The filtrate was concentrated in vacuo, and
the residue was purified by flash column chromatography (hexane/Et2O/
Et3N 16:4:1)[33] to give (S)-3a (20 mg, 35%, 73% ee), (R)-4a (22 mg, 20%,
10% ee), and a 63:37 mixture of (2R)-syn- and (2R)-anti-5a (40 mg, 36%,
79% ee for syn-5a, 81% ee for anti-5a). 1H NMR (CDCl3) and IR data for
syn- and anti-5a were identical with the reported data.[12a]


Methyl (1R,2R,5S,6S,7S)-2-methyl-3,10-dioxa-4-oxotricyclo[5.2.1.01,5]dec-
8-ene-6-carboxylate (syn-5a): 1H NMR (500 MHz, [D6]acetone[33]): ��
1.36 (d, J� 6.5 Hz, 3H), 3.17 (d, J� 3.5 Hz, 1H), 3.40 ± 3.43 (m, 1H), 3.65
(s, 3H), 5.29 (q, J� 6.5 Hz, 1H), 5.32 (dd, J� 1.5, 4.5 Hz, 1H), 6.40 (dd, J�
1.5, 6.0 Hz, 1H), 6.70 (d, J� 6.0 Hz, 1H).


(1S,2R,5R,6R,7R)-Diastereomer (anti-5a): 1H NMR (500 MHz, [D6]ace-
tone): �� 1.64 (d, J� 6.5 Hz, 3H), 3.15 (d, J� 3.5 Hz, 1H), 3.40 ± 3.43 (m,
1H), 3.65 (s, 3H), 4.82 (q, J� 6.5 Hz, 1H), 5.28 ± 5.30 (m, 1H), 6.43 (dd, J�
1.5, 6.0 Hz, 1H), 6.74 (d, J� 6.0 Hz, 1H).


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3c with 2a : Similarly to the typical procedure, a mixture of 2a (0.75 mmol),
(�)-3c (63 mg, 0.50 mmol), and lipase LIP (0.10 g) was stirred at 30 �C for
12 d to give (S)-3c (20 mg, 32%, 86% ee), (R)-4c (14%, NMR yield), and a
73:27 mixture of (2R)-syn- and (2R)-anti-5c (60 mg, 50%, 77% ee for syn-
5c, 78% ee for anti-5c). 1H NMR (CDCl3) and IR data for (S)-3c, (R)-4c,
syn-5c, and anti-5c were identical with the reported data.[12a] The optical
rotation power of (R)-4c could not be obtained due to contamination of
small amount of impurity hardly separable by flash column chromatog-
raphy.


(S)-3c (86% ee): Colorless oil. [�]23D ��9.7 (c� 0.5, CHCl3) [lit.[13b] [�]25D �
�12.6 (c� 2.1, CHCl3) for 95% ee of (R)-form].


Methyl (1R,2R,5S,6S,7S)-2-ethyl-3,10-dioxa-4-oxotricyclo[5.2.1.01,5]dec-8-
ene-6-carboxylate (syn-5c) and its (1S,2R,5R,6R,7R)-diastereomer (anti-
5c): A 73:27 mixture of syn- and anti-5c ; colorless crystals; IR (KBr): �� �
1779, 1738, 1734 cm�1.


syn-5c (77% ee): 1H NMR (500 MHz, [D6]acetone): �� 1.00 (t, J� 7.5 Hz,
3H), 1.68 ± 1.86 (m, 2H), 3.16 (d, J� 3.0 Hz, 1H), 3.39 ± 3.42 (m, 1H), 3.69
(s, 3H), 5.05 (t, J� 7.5 Hz, 1H), 5.31 (dd, J� 2.0, 5.0 Hz, 1H), 6.38 (dd, J�
2.0, 6.0 Hz, 1H), 6.72 (d, J� 6.0 Hz, 1H).


anti-5c (78% ee): 1H NMR (500 MHz, [D6]acetone): �� 1.12 (t, J� 7.5 Hz,
3H), 1.86 ± 2.11 (m, 2H), 3.07 (d, J� 3.0 Hz, 1H), 3.39 ± 3.42 (m, 1H), 3.64
(s, 3H), 4.59 (dd, J� 4.5, 9.0 Hz, 1H), 5.28 (dd, J� 2.0, 5.0 Hz, 1H), 6.43
(dd, J� 2.0, 6.0 Hz, 1H), 6.74 (d, J� 6.0 Hz, 1H).


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3d with 2a : Similarly to the typical procedure, a mixture of 2a (3.0 mmol),
(�)-3d (0.25 g, 2.0 mmol), and lipase LIP (0.40 g) was stirred at 30 �C for
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5 d followed by flash column chromatography (hexane/Et2O/Et3N 75:25:1)
to give (S)-3d (116 mg, 46%, 98% ee), (R)-4d (23%, NMR yield), and a
62:38 mixture of (2R)-syn- and (2R)-anti-5d (148 mg, 31%, �99% ee for
both syn- and anti-5d). Analytically pure (2R)-syn-5d was obtained by the
second flash column chromatography (hexane/Et2O/Et3N 75:25:1) of the
mixture of syn- and anti-5d. The optical rotation power of (R)-4d could not
be obtained due to contamination of small amount of impurity hardly
separable by flash column chromatography. Elemental analysis calcd (%)
for a mixture of syn- and anti-5d : C12H14O5 (238.2): C 60.50, H 5.92; found:
C 60.28, H 5.87.


(S)-3d (98% ee): Colorless oil; [�]25D ��10.5 (c� 0.35, CHCl3) [lit.[15]


[�]D��8.5 (c� 2.2, CHCl3) for 95% ee of (R)-form].


Methyl (R)-1-(5-methyl-2-furyl)ethyl fumarate (R)-4d : Colorless oil;
1H NMR (300 MHz, [D6]acetone): �� 1.58 (d, J� 6.5 Hz, 3H), 2.24 (d,
J� 1.0 Hz, 3H), 3.76 (s, 3H), 5.94 ± 6.01 (m, 2H), 6.33 (d, J� 3.0 Hz, 1H),
6.76 (br s, 2H); 13C NMR (75 MHz, [D6]acetone): �� 13.4, 18.3, 52.5, 66.9,
107.2, 110.1, 134.1, 134.3, 152.0, 153.1, 164.5, 165.6; IR (KBr): �� � 1780, 1724,
1647, 1562 cm�1; HRMS: calcd for C12H14O5 [M�]: 238.0841; found:
238.0841.


Methyl (1R,2R,5S,6S,7S)-2,7-dimethyl-3,10-dioxa-4-oxotricyclo[5.2.1.01,5]-
dec-8-ene-6-carboxylate (syn-5d) (�99% ee): Colorless oil; [�]27D ��16.1
(c� 0.32, CHCl3); 1H NMR (300 MHz, [D6]acetone): �� 1.35 (d, J�
6.5 Hz, 3H), 1.74 (s, 3H), 3.06 (d, J� 3.5 Hz, 1H), 3.28 (d, J� 3.5 Hz,
1H), 3.66 (s, 3H), 5.23 (q, J� 6.5 Hz, 1H), 6.25 (d, J� 5.5 Hz, 1H), 6.66 (d,
J� 5.5 Hz, 1H); 13C NMR (75 MHz, [D6]acetone): �� 14.5, 18.6, 52.5, 54.1,
54.3, 60.4, 76.7, 110.9, 135.2, 139.1, 170.8, 206.1; IR (KBr): �� � 1774,
1732 cm�1; HRMS: calcd for C12H14O5 [M�]: 238.0841; found: 238.0851.


anti-5d (�99% ee): 1H NMR (300 MHz, [D6]acetone): �� 1.59 (d, J�
7.0 Hz, 3H), 1.73 (s, 3H), 3.04 (d, J� 3.5 Hz, 1H), 3.26 (d, J� 3.5 Hz, 1H),
3.66 (s, 3H), 4.78 (q, J� 7.0 Hz, 1H), 6.28 (d, J� 6.0 Hz, 1H), 6.69 (d, J�
6.0 Hz, 1H).


Hydrogenation of a mixture of (2R)-syn- and (2R)-anti-5d : A mixture of a
62:38 mixture of (2R)-syn- and (2R)-anti-5d (10 mg) and 10% Pd/C
(10 mg) in MeOH (1.5 mL) was stirred at room temperature under
atmospheric pressure of hydrogen overnight. The reaction mixture was
filtered through a Celite pad, and the filtrate was concentrated in vacuo to
give a 58:42 mixture of methyl (1R,2R,5S,6S,7S)-2,7-dimethyl-3,10-dioxa-4-
oxotricyclo[5.2.1.01,5]decane-6-carboxylate (syn-6d) and its (1S,2R,5R,
6R,7R)-diastereomer (anti-6d). This crude product was subjected to GC
(CHIRALDEX G-TA) analysis to determine their optical purity. Some
characteristic 1H NMR data (300 MHz, [D6]acetone): syn-6d �� 1.37 (d,
J� 6.5 Hz, 3H), 1.58 (s, 3H), 3.74 (s, 3H), 4.86 (q, J� 6.5 Hz, 1H). anti-6d
�� 1.41 (d, J� 7.0 Hz, 3H), 1.56 (s, 3H), 3.74 (s, 3H), 4.73 (q, J� 7.0 Hz,
1H).


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3e with 2a : Similarly to the typical procedure, a mixture of 2a (3.0 mmol),
(�)-3e (0.28 g, 2.0 mmol), and lipase LIP (0.40 g) was stirred at 30 �C for
5 d followed by flash column chromatography (hexane/Et2O/Et3N
100:50:1) to give (S)-3e (143 mg, 51%, �99% ee), (R)-4e (22%, NMR
yield), and a 71:29 mixture of (2R)-syn- and (2R)-anti-5e (136 mg, 27%,
�99% ee for both syn- and anti-5e). The optical rotation power of (R)-4e
could not be obtained due to contamination of small amount of impurity
hardly separable by flash column chromatography.


(S)-3e (�99% ee): Colorless oil; [�]25D ��11.3 (c� 1.4, CHCl3) [lit.[13d]


[�]20D ��7.6 (c� 1.0, CHCl3) for 70% ee of (R)-form].


(R)-4e : Colorless oil; 1H NMR (300 MHz, [D6]acetone): �� 0.90 (t, J�
7.5 Hz, 3H), 1.99 (quint, J� 7.5 Hz, 1H), 2.24 (s, 3H), 3.77 (s, 3H), 5.78 (t,
J� 7.0 Hz, 1H), 5.98 (br s, 1H), 6.32 (d, J� 2.5 Hz, 1H), 6.78 (s, 2H);
13C NMR (75 MHz, [D6]acetone): �� 10.1, 13.4, 26.3, 52.5, 71.8, 107.1, 110.7,
134.1, 134.2, 151.1, 153.1, 164.5, 165.6; IR (KBr): �� � 1782, 1726, 1645,
1562 cm�1; HRMS: calcd for C13H16O5 [M�]: 252.0998; found: 252.1021.


Methyl (1R,2R,5S,6S,7S)-2-ethyl-7-methyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5e) and its (1S,2R,5R,6R,7R)-dia-
stereomer (anti-5e): A 71:29 mixture of syn- and anti-5e : Colorless oil; IR
(KBr): �� � 1776, 1769, 1735, 1730 cm�1; HRMS: calcd for C13H16O5 [M�]:
252.0998; found: 252.1002.


syn-5e (�99% ee): 1H NMR (500 MHz, [D6]acetone): �� 1.00 (t, J�
7.5 Hz, 3H), 1.67 ± 2.08 (m, 2H), 1.75 (s, 3H), 3.04 (d, J� 3.5 Hz, 1H),


3.27 (d, J� 3.5 Hz, 1H), 3.66 (s, 3H), 4.99 (t, J� 7.5 Hz, 1H), 6.23 (d, J�
6.0 Hz, 1H), 6.69 (d, J� 6.0 Hz, 1H).


anti-5e (�99% ee): 1H NMR (500 MHz, [D6]acetone): �� 1.11 (t, J�
7.5 Hz, 3H), 1.67 ± 2.08 (m, 2H), 1.73 (s, 3H), 3.04 (d, J� 3.5 Hz, 1H),
3.19 (d, J� 3.5 Hz, 1H), 3.66 (s, 3H), 4.55 (dd, J� 4.0, 9.5 Hz, 1H), 6.28 (d,
J� 6.0 Hz, 1H), 6.70 (d, J� 6.0 Hz, 1H).


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3b with 2a : Similarly to the typical procedure, a mixture of 2a (1.5 mmol),
(�)-3b (128 mg, 1.0 mmol), and lipase LIP (0.20 g) was stirred at 20 �C for 2
days followed by flash column chromatography (hexane/Et2O/Et3N
100:50:1) to give (S)-3b (58 mg, 45%, �99% ee) and (2R)-syn-5b
(81 mg, 34%, 91% ee).


(S)-3b (�99% ee): Colorless oil; [�]20D ��47.9 (c� 1.1, CHCl3) [lit.[12a]


[�]20D ��34.6 (c� 2.27, CHCl3) for 85% ee of (R)-form].


Methyl (1S,2R,5S,6S,7S)-2,9-dimethyl-3,10-dioxa-4-oxotricyclo[5.2.1.01,5]-
dec-8-ene-6-carboxylate (syn-5b): Colorless crystals (91% ee); m.p. 94 ±
96 �C [lit.[12a] m.p. 98 ± 100 �C (MeOH)]; [�]17D ��56.0 (c� 0.81, CHCl3).
1H NMR (CDCl3) and IR data were identical with the reported ones.[12a]


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 f with 2a : Similarly to the typical procedure, a mixture of 2a (0.75 mmol),
(�)-3 f (70 mg, 0.50 mmol), and lipase LIP (0.20 g) was stirred at 20 �C for
2 d followed by flash column chromatography (hexane/Et2O/Et3N
100:50:1) to give (S)-3 f (35 mg, 50%, �99% ee) and (2R)-syn-5 f
(57 mg, 45%, �99% ee).


(S)-3 f (�99% ee): Colorless oil ; [�]20D ��35.3 (c� 0.65, CHCl3).


Methyl (1S,2R,5S,6S,7S)-2-ethyl-9-methyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5 f): Colorless crystals (�99%
ee); m.p. 115 ± 116 �C (MeOH); [�]18D ��55.2 (c� 1.3, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.04 (t, J� 7.5 Hz, 3H), 1.68 ± 2.03 (m, 2H), 1.91 (d,
J� 1.5 Hz, 3H), 3.05 (d, J� 3.5 Hz, 1H), 3.53 (dd, J� 3.5, 4.0 Hz, 1H), 3.68
(s, 3H), 4.79 (t, J� 7.5 Hz, 1H), 5.20 (brd, J� 4.0 Hz, 1H), 5.88 (quint, J�
1.5 Hz, 1H); 1H NMR (300 MHz, [D6]acetone): �� 1.02 (t, J� 7.5 Hz, 3H),
1.65 ± 1.92 (m, 2H), 1.95 (d, J� 1.5 Hz, 3H), 3.19 (d, J� 3.5 Hz, 1H), 3.40
(dd, J� 3.5, 4.0 Hz, 1H), 3.66 (s, 3H), 5.02 (t, J� 7.5 Hz, 1H), 5.20 (brd, J�
4.0 Hz, 1H), 5.94 (quint, J� 1.5 Hz, 1H); 13C NMR (75 MHz, [D6]acetone):
�� 9.8, 12.0, 23.2, 50.5, 50.7, 52.4, 80.3, 80.8, 96.4, 128.6, 145.6, 171.0, 174.9;
IR (KBr): �� � 1778, 1744 ± 1732 cm�1; HRMS: calcd for C13H16O5 [M�]:
252.0998; found: 252.1004; elemental analysis calcd (%) for C13H16O5


(252.3): C 61.90, H 6.39; found: C 61.64, H 6.38.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 f with 2b : Similarly to the typical procedure, a mixture of 2b (3.0 mmol),
(�)-3 f (0.28 g, 2.0 mmol), and lipase LIP (0.40 g) was stirred at 30 �C for 4 d
followed by flash column chromatography (hexane/Et2O/Et3N 100:50:1) to
give (S)-3 f (120 mg, 43%, 96% ee) and (2R)-syn-5g (0.24 g, 46%, �99%
ee).


Ethyl (1S,2R,5S,6S,7S)-2-ethyl-9-methyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5g): Colorless oil (�99% ee);
[�]27D ��64.9 (c� 0.66, CHCl3); 1H NMR (500 MHz, [D6]acetone): ��
1.01 (t, J� 7.5 Hz, 3H), 1.22 (t, J� 7.5 Hz, 3H), 1.67 ± 1.76 (m, 1H), 1.79 ±
1.88 (m, 1H), 1.94 (d, J� 2.0 Hz, 3H), 3.18 (d, J� 3.0 Hz, 1H), 3.37 (dd, J�
3.0, 4.5 Hz, 1H), 4.10 (q, J� 7.5 Hz, 2H), 5.00 (t, J� 7.5 Hz, 1H), 5.18 (d,
J� 4.5 Hz, 1H), 5.93 ± 5.95 (m, 1H); 13C NMR (125 MHz, [D6]acetone):
�� 9.9, 12.0, 14.4, 23.2, 50.7, 50.8, 61.6, 80.3, 81.0, 96.5, 128.7, 145.7, 170.5,
175.0; IR (KBr): �� � 1781, 1738 ± 1732 cm�1; elemental analysis calcd (%)
for C14H18O5 (266.3): C 63.15, H 6.81; found: C 62.90, H 6.79.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 f with 2c : Similarly to the typical procedure, a mixture of 2c (0.75 mmol),
(�)-3 f (63 mg, 0.45 mmol), and lipase LIP (0.10 g) was stirred at 30 �C for
4 d followed by flash column chromatography (hexane/Et2O/Et3N
100:50:1) to give (S)-3 f (30 mg, 47%, �99% ee) and (2R)-syn-5h
(47 mg, 44%, 95% ee).


(1S,2R,5S,6S,7S)-6-Acetyl-2-ethyl-9-methyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]dec-8-ene (syn-5h): Pale yellow oil (95% ee); [�]26D ��34.2 (c�
1.0, CHCl3); 1H NMR (300 MHz, [D6]acetone): �� 1.01 (t, J� 7.5 Hz, 3H),
1.66 ± 1.90 (m, 2H), 1.92 (s, 3H), 2.21 (s, 3H), 3.23 (d, J� 3.5 Hz, 1H), 3.58
(t, J� 4.0 Hz, 1H), 4.98 (t, J� 7.0 Hz, 1H), 5.38 (brd, J� 3.5 Hz, 1H), 5.93
(quint, J� 1.5 Hz, 1H); 13C NMR (75 MHz, [D6]acetone): �� 9.9, 11.9,
23.2, 49.0, 59.5, 80.3, 80.8, 96.6, 128.0, 145.4, 175.5, 203.4; IR (KBr): �� �
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1774, 1713, 1624 cm�1; HRMS: calcd for C13H16O4 [M�]: 236.1048; found:
236.1007.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3h with 2b : Similarly to the typical procedure, a mixture of 2b (1.13 mmol),
(�)-3h (154 mg, 0.75 mmol), and lipase LIP (0.30 g) was stirred at 30 �C for
6 d followed by flash column chromatography (hexane/Et2O/Et3N 93:2:5
	 85:10:5) to give (S)-3h (58 mg, 38%, �99% ee) and (2R)-syn-5j
(106 mg, 43%, 96% ee).


(S)-3h (�99% ee): Pale yellow oil; [�]24D ��1.6 (c� 1.0, CHCl3).


Ethyl (1R,2R,5S,6S,7S)-9-bromo-2-ethyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5 j): Pale yellow oil (96% ee);
[�]24D ��42.7 (c� 1.2, MeOH); 1H NMR (300 MHz, [D6]acetone): ��
1.04 (t, J� 7.5 Hz, 3H), 1.24 (t, J� 7.0 Hz, 3H), 1.64 ± 1.95 (m, 2H), 3.36
(d, J� 3.5 Hz, 1H), 3.50 (dd, J� 3.5, 4.5 Hz, 1H), 4.14 (q, J� 7.0 Hz, 2H),
5.03 (t, J� 7.5 Hz, 1H), 5.41 (dd, J� 2.0, 4.5 Hz, 1H), 6.64 (d, J� 2.0 Hz,
1H); 13C NMR (75 MHz, [D6]acetone): �� 9.7, 14.3, 22.9, 50.0, 50.8, 62.0,
79.7, 82.5, 96.6, 125.0, 135.4, 169.9, 173.6; IR (KBr): �� � 1788, 1730,
1570 cm�1; elemental analysis calcd (%) for C13H15BrO5 (331.2): C 47.15, H
4.57; found: C 47.32, H 4.62.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3h with 2c : Similarly to the typical procedure, a mixture of 2c (1.13 mmol),
(�)-3h (154 mg, 0.75 mmol), and lipase LIP (0.15 g) was stirred at 30 �C for
5 d followed by flash column chromatography (hexane/Et2O/Et3N 92:3:5
	 20:75:5) to give (S)-3h (74 mg, 48%, �99% ee) and (2R)-syn-5k
(90 mg, 40%, �99% ee).


(1R,2R,5S,6S,7S)-6-Acetyl-9-bromo-2-ethyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]dec-8-ene (syn-5k): Pale yellow oil (�99% ee); [�]25D ��14.4
(c� 1.1, MeOH); 1H NMR (300 MHz, [D6]acetone): �� 1.04 (t, J� 7.5 Hz,
3H), 1.64 ± 1.97 (m, 2H), 2.27 (s, 3H), 3.39 (d, J� 4.0 Hz, 1H), 3.69 ± 3.71
(m, 1H), 5.01 (t, J� 7.5 Hz, 1H), 5.56 (dd, J� 2.0, 4.5 Hz, 1H), 6.62 (d, J�
2.0 Hz, 1H); 13C NMR (75 MHz, [D6]acetone): �� 9.7, 22.9, 49.3, 58.6, 79.8,
82.5, 96.8, 124.7, 134.9, 174.2, 203.1; IR (KBr): �� � 1778, 1713, 1570 cm�1;
elemental analysis calcd (%) for C12H13BrO4 (301.1): C 47.86, H 4.35;
found: C 47.85, H 4.35.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 i with 2a : Similarly to the typical procedure, a mixture of 2a (0.75 mmol),
(�)-3 i (110 mg, 0.50 mmol), and lipase LIP (0.10 g) was stirred at 30 �C for
2.5 d followed by flash column chromatography (hexane/Et2O/Et3N
100:10:1 	 100:30:1) to give (S)-3 i (59 mg, 54%, 82% ee) and (2R)-syn-
5 l (61 mg, 35%, 95% ee).


(S)-3 i (82% ee): Colorless oil ; [�]20D ��5.8 (c� 1.0, CHCl3).


Methyl (1R,2R,5S,6S,7S)-9-bromo-2-ethyl-7-methyl-3,10-dioxa-4-oxotricy-
clo[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5 l): Colorless crystals (95% ee);
m.p. 64 ± 66 �C (AcOEt); [�]20D ��6.8 (c� 0.81, MeOH); 1H NMR
(300 MHz, [D6]acetone): �� 1.03 (t, J� 7.5 Hz, 3H), 1.65 ± 1.74 (m, 1H),
1.77 (s, 3H), 1.80 ± 1.90 (m, 1H), 3.14 (d, J� 4.0 Hz, 1H), 3.45 (d, J� 4.0 Hz,
1H), 3.69 (s, 3H), 4.97 (t, J� 7.0 Hz, 1H), 6.50 (s, 1H); 13C NMR (125 MHz,
[D6]acetone): �� 9.8, 18.6, 23.0, 52.7, 53.9, 54.8, 80.0, 92.1, 95.8, 124.9, 138.3,
170.7, 173.6; IR (KBr): �� � 1782, 1732 cm�1; elemental analysis calcd (%)
for C13H15BrO5 (331.2): C 47.15, H 4.57; found: C 47.33, H 4.57.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 i with 2b : Similarly to the typical procedure, a mixture of 2b (0.75 mmol),
(�)-3 i (110 mg, 0.50 mmol), and lipase LIP (0.10 g) was stirred at 30 �C for
2.5 d followed by flash column chromatography (hexane/Et2O/Et3N
100:30:1 	 100:100:1) to give (S)-3 i (50 mg, 45%, �99% ee) and (2R)-
syn-5m (50 mg, 30%, 95% ee).


Ethyl (1R,2R,5S,6S,7S)-9-bromo-2-ethyl-7-methyl-3,10-dioxa-4-oxotricy-
clo[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5m) (95% ee): Colorless oil
(95% ee); [�]20D ��9.3 (c� 1.7, MeOH); 1H NMR (500 MHz, [D6]acetone):
�� 1.03 (t, J� 7.5 Hz, 3H), 1.25 (t, J� 7.5 Hz, 3H), 1.66 ± 1.74 (m, 1H), 1.78
(s, 3H), 1.81 ± 1.91 (m, 1H), 3.12 (d, J� 4.0 Hz, 1H), 3.44 (d, J� 4.0 Hz,
1H), 4.10 ± 4.17 (m, 2H), 4.97 (t, J� 7.5 Hz, 1H), 6.50 (s, 1H); 13C NMR
(125 MHz, [D6]acetone): �� 9.8, 14.4, 18.8, 23.0, 53.8, 55.0, 62.0, 80.0, 92.2,
95.8, 124.9, 138.2, 170.0, 173.7; IR (KBr): �� � 1784, 1736 cm�1; elemental
analysis calcd (%) for C14H17BrO5 (345.2): C 48.71, H 4.96; found: C 49.00,
H 4.98.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 i with 2c : Similarly to the typical procedure, a mixture of (�)-3 i (110 mg,
0.50 mmol), 2c (0.75 mmol), and lipase LIP (0.10 g) was stirred at 10 �C for


24 h followed by flash column chromatography (hexane/Et2O/Et3N
100:10:1	 100:30:1) to give (S)-3 i (53 mg, 48%, 82% ee) and (2R)-syn-
5n (53 mg, 34%, �99% ee).


(1R,2R,5S,6S,7S)-6-Acetyl-9-bromo-2-ethyl-7-methyl-3,10-dioxa-4-oxotri-
cyclo[5.2.1.01,5]dec-8-ene (syn-5n): Pale yellow oil (�99% ee); [�]20D �
�20.7 (c� 1.4, MeOH); 1H NMR (500 MHz, [D6]acetone): �� 1.02 (t,
J� 7.5 Hz, 3H), 1.65 ± 1.76 (m, 1H), 1.77 (s, 3H), 1.80 ± 1.89 (m, 1H), 2.25 (s,
3H), 3.36 (d, J� 4.0 Hz, 1H), 3.39 (d, J� 4.0 Hz, 1H), 4.93 (t, J� 7.5 Hz,
1H), 6.49 (s, 1H); 13C NMR (125 MHz, [D6]acetone) �� 9.8, 18.9, 23.0,
26.4, 53.3, 63.2, 80.1, 91.7, 95.5, 123.9, 138.9, 174.2, 204.5; IR (KBr): �� � 1778,
1713 cm�1; elemental analysis calcd (%) for C13H15BrO4 (315.2): C 49.54, H
4.80; found: C 49.72, H 4.80.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 j with 2a : Similarly to the typical procedure, a mixture of 2a (0.75 mmol),
(�)-3 j (125 mg, 0.50 mmol), and lipase LIP (0.20 g) was stirred at 30 �C for
4.5 days followed by flash column chromatography (hexane/Et2O/Et3N
93:2:5 	 85:10:5) to give (S)-3j (55 mg, 44%, �99% ee) and (2R)-syn-5o
(78 mg, 43%, 94% ee).


(S)-3 j (�99% ee): Pale yellow oil. [�]25D ��4.6 (c� 1.0, CHCl3).


Methyl (1R,2R,5S,6S,7R)-9-bromo-2-ethyl-7-methoxymethyl-3,10-dioxa-
4-oxotricyclo[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5o): Pale yellow oil
(94% ee); [�]24D ��7.8 (c� 1.0, MeOH); 1H NMR (300 MHz, [D6]acetone):
�� 1.05 (t, J� 7.5 Hz, 3H), 1.65 ± 1.95 (m, 2H), 3.39 (s, 3H), 3.45 ± 3.48 (m,
2H), 3.70 (s, 3H), 3.99 (d, J� 12.0 Hz, 1H), 4.04 (d, J� 12.0 Hz, 1H), 5.01
(t, J� 7.5 Hz, 1H), 6.57 (s, 1H); 13C NMR (75 MHz, [D6]acetone): �� 9.8,
22.9, 49.6, 52.8, 52.9, 59.6, 70.6, 79.8, 94.9, 96.1, 124.9, 135.9, 170.5, 173.5; IR
(KBr): �� � 1788, 1738, 1574 cm�1; elemental analysis calcd (%) for
C14H17BrO6 (361.2): C 46.56, H 4.74; found: C 46.56, H 4.72.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 j with 2b : Similarly to the typical procedure, a mixture of 2b (0.75 mmol),
(�)-3 j (125 mg, 0.50 mmol), and lipase LIP (0.20 g) was stirred at 30 �C for
4.5 d followed by flash column chromatography (hexane/Et2O/Et3N 93:2:5
	 85:10:5) to give (S)-3j (55 mg, 44%, 98% ee) and syn-5p (84 mg, 45%,
96% ee).


Ethyl (1R,2R,5S,6S,7R)-9-bromo-2-ethyl-7-methoxymethyl-3,10-dioxa-4-
oxotricyclo[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5p): Pale yellow oil
(96% ee); [�]25D ��0.8 (c� 1.3, MeOH); 1H NMR (300 MHz, [D6]ace-
tone): �� 1.05 (t, J� 7.5 Hz, 3H), 1.26 (t, J� 7.0 Hz, 3H), 1.65 ± 1.92 (m,
2H), 3.39 (s, 3H), 3.44 ± 3.45 (m, 2H), 3.99 (d, J� 12.0 Hz, 1H), 4.05 (d, J�
12.0 Hz, 1H), 4.15 (q, J� 7.0 Hz, 2H), 5.01 (t, J� 7.5 Hz, 1H), 6.57 (s, 1H);
13C NMR (75 MHz, [D6]acetone): �� 9.8, 14.3, 22.9, 49.8, 52.8, 59.6, 62.1,
70.7, 79.8, 94.9, 96.1, 124.9, 135.9, 169.9, 173.5; IR (KBr): �� � 1782, 1730,
1574 cm�1; elemental analysis calcd (%) for C15H19BrO6 (375.2): C 48.02, H
5.10; found: C 48.05, H 5.08.


Lipase-catalyzed domino kinetic resolution/Diels ± Alder reaction of (�)-
3 j with 2c : Similarly to the typical procedure, a mixture of 2c (0.75 mmol),
(�)-3 j (125 mg, 0.50 mmol), and lipase LIP (0.20 g) was stirred at 30 �C for
4.5 d followed by flash column chromatography (hexane/Et2O/Et3N 93:2:5
	 85:10:5) to give (S)-3 j (55 mg, 44%, 93% ee) and (2R)-syn-5q (62 mg,
36%, 93% ee).


(1R,2R,5S,6S,7R)-6-Acetyl-9-bromo-2-ethyl-7-methoxymethyl-3,10-dioxa-
4-oxotricyclo[5.2.1.01,5]dec-8-ene (syn-5q): Pale yellow oil (93% ee);
[�]25D ��21.7 (c� 1.2, MeOH); 1H NMR (300 MHz, [D6]acetone): ��
1.04 (t, J� 7.5 Hz, 3H), 1.67 ± 1.92 (m, 2H), 2.25 (s, 3H), 3.40 (d, J�
4.0 Hz, 1H), 3.41 (s, 3H), 3.66 (d, J� 4.0 Hz, 1H), 3.95 (d, J� 12.0 Hz,
1H), 4.00 (d, J� 12.0 Hz, 1H), 4.97 (t, J� 7.5 Hz, 1H), 6.74 (s, 1H);
13C NMR (75 MHz, [D6]acetone): �� 9.8, 22.9, 52.5, 57.9, 59.6, 71.0, 79.9,
94.6, 96.0, 124.1, 136.2, 174.0, 204.5; IR (KBr): �� � 1778, 1713, 1574 cm�1;
elemental analysis calcd (%) for C14H17BrO5 (345.2): C 48.71, H 4.96;
found: C 48.80, H 4.96.


Methyl (1R,2R,5S,6S,7S)-2-ethyl-7-methyl-3,10-dioxa-4-oxotricyclo-
[5.2.1.01,5]decane-6-carboxylate (syn-6e): Similarly to the hydrogenation
of 5d, (2R)-syn-6e (6.0 mg, 79%) was obtained from (2R)-syn-5 l (95% ee,
10 mg, 0.030 mmol) after flash column chromatography (hexane/Et2O
1:1	 1:2) as colorless crystals. M.p. 74 ± 76 �C; [�]25D ��12.8 (c� 0.42,
CHCl3); 1H NMR (300 MHz, CDCl3) �� 1.11 (t, J� 7.0 Hz, 3H), 1.57 (s,
3H), 1.74 ± 1.90 (m, 6H), 3.05 (m, 1H), 3.36 (d, J� 4.5 Hz, 1H), 3.73 (s,
3H), 4.47 (dd, J� 4.5, 9.0 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 10.6,
20.5, 21.9, 28.8, 31.8, 52.4, 54.3, 57.0, 82.0, 87.3, 91.0, 171.0, 175.8; IR (KBr):
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�� � 1776, 1732 cm�1; HRMS: calcd for C13H18O5 [M�]: 254.1163; found:
254.1154.


Hydrolysis of a mixture of (2R)-syn-5e and (2R)-anti-5e : Similarly to the
hydrogenation of 5d, a 67:33 mixture of (2R)-syn-6e and (2R)-anti-6e
(16.6 mg, 97%) was obtained from a 70:30 mixture of (2R)-syn-5e and
(2R)-anti-5e (17.0 mg, 0.067 mmol) after flash column chromatography as a
colorless oil. 1H NMR data of the major isomer, syn-6e, was identical with
those of (2R)-syn-6e obtained above. Typical 1H NMR (300 MHz, CDCl3)
data for anti-6c : �� 1.10 (t, J� 7.0 Hz, 3H), 1.62 (s, 3H), 3.35 (d, J� 4.0 Hz,
1H), 3.76 (s, 3H), 4.57 (dd, J� 4.0, 10.0 Hz, 1H).


Ethyl (1S,2R,5S,6S,7S)-2-ethyl-3,10-dioxa-4-oxo-9-phenyltricyclo-
[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5 i): Under a nitrogen atmosphere,
PhB(OH)2 (11 mg, 0.090 mmol), PdCl2(PPh3)2 (5 mg, 0.007 mmol), and 2�
aqueous Na2CO3 (0.12 mL, 0.24 mmol) were successively added to a
solution of (2R)-syn-5 i (96% ee, 20 mg, 0.060 mmol) in THF (1 mL). The
reaction mixture was stirred at refluxing temperature for 26 h. After
cooling, the reaction was quenched by water, and the product was extracted
with Et2O three times. The combined organic layer was washed with brine,
dried with Na2SO4, and concentrated in vacuo. The residue was purified by
flash column chromatography (hexane/Et2O 10:1 	 1:1) to give syn-5 i
(12 mg, 61%) as a colorless gum. [�]20D ��61.1 (c� 0.54, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.00 (t, J� 7.5 Hz, 3H), 1.26 (t, J� 7.0 Hz, 3H),
1.82 ± 2.00 (m, 2H), 3.30 (d, J� 3.0 Hz, 1H), 3.60 (dd, J� 3.0, 5.0 Hz, 1H),
4.08 ± 4.27 (m, 2H), 5.10 (dd, J� 5.5, 8.0 Hz, 1H), 5.35 (dd, J� 2.0, 5.0 Hz,
1H), 6.28 (d, J� 2.0 Hz, 1H), 7.22 ± 7.41 (m, 5H); 13C NMR (75 MHz,
CDCl3): �� 10.1, 14.2, 22.8, 49.7, 50.8, 61.5, 80.3, 80.4, 106.9, 126.9, 128.8,
129.0, 129.9, 132.1, 148.2, 169.7, 174.2; IR (KBr): �� � 1780, 1734 cm�1;
HRMS: calcd for C19H20O5 [M�]: 328.1294; found: 328.1310.


Ethyl (1S,2R,5S,6S,7S)-2-ethyl-3,10-dioxa-4-oxo-9-[(trimethylsilyl)ethy-
nyl]tricyclo[5.2.1.01,5]dec-8-ene-6-carboxylate (syn-5 r): Under a nitrogen
atmosphere, Et2NH (0.015 mL, 0.14 mmol) and CuI (0.5 mg, 2.4 �mol) and
Pd(PPh3)4 (1.4 mg, 1.2 �mol) were successively added to a solution of (2R)-
syn-5 i (96% ee, 20 mg, 0.060 mmol) and (trimethylsilyl)acetylene
(0.017 mL, 0.12 mmol) in anhydrous DMF (0.1 mL). The reaction mixture
was stirred at 50 �C for 45 min, cooled to room temperature, and
concentrated in vacuo. The residue was purified by preparative TLC
(hexane/Et2O 1:1) to give syn-5r (12.6 mg, 60%) as a pale yellow gum.
[�]23D ��133 (c� 0.85, MeOH); 1H NMR (300 MHz, [D6]acetone): �� 0.23
(s, 9H), 1.05 (t, J� 7.5 Hz, 3H), 1.27 (t, J� 7.0 Hz, 3H), 1.72 ± 2.01 (m, 2H),
3.20 (d, J� 4.0 Hz, 1H), 3.58 (dd, J� 4.0, 5.0 Hz, 1H), 4.10 ± 4.21 (m, 2H),
4.91 (dd, J� 7.0, 9.0 Hz, 1H), 5.34 (dd, J� 2.0, 5.0 Hz, 1H), 6.42 (d, J�
2.0 Hz, 1H); 13C NMR (75 MHz, [D6]acetone): ���0.3, 9.7, 14.4, 22.9,
49.7, 51.0, 61.9, 80.0, 81.5, 95.8, 96.2, 106.9, 131.2, 139.0, 170.0, 174.0; IR
(KBr): �� � 1788, 1738, 1578 cm�1; elemental analysis calcd (%) for
C18H24O5Si (348.5): C 62.04, H 6.94; found: C 61.85, H 6.92.
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Axial and Equatorial Hydrogen-Bond Conformers and Ring-Puckering
Motion in the Trimethylene Sulfide ¥ Hydrogen Fluoride Complex


M. Eugenia Sanz, Juan C. Lo¬ pez, and Jose¬ L. Alonso*[a]


Abstract: Axial and equatorial hydro-
gen-bond conformers of the trimethy-
lene sulfide ¥ ¥ ¥hydrogen fluoride com-
plex have been generated and charac-
terized in the supersonic jet of a
molecular beam Fourier transform mi-
crowave experiment. It is shown that the
ring-puckering large amplitude motion
of trimethylene sulfide is responsible for
the observed conformers. The axial con-
former has been found to be the most
stable and has been proved by the
existence of relaxation of the high-
energy equatorial form to it. This con-


formational preference has been ex-
plained in the context of a delicate
balance between primary and secondary
hydrogen bonds. The interconversion
between both conformers takes place
through the ring-puckering motion of
the heterocycle, provided that the bar-
rier to the ring inversion remains low
after complexation, as all experimental


findings indicate. The structural param-
eters of the trimethylene sulfide and the
hydrogen bond have been derived from
the analysis of the rotational spectra
of the C3H6


32S ¥ ¥ ¥HF, C3H6
34S ¥ ¥ ¥HF,


13C�
12C2H6


32S ¥ ¥ ¥HF, and 13C�
12C2H6-


32S ¥ ¥ ¥HF isotopomers. Both conformers
have Cs symmetry with the hydrogen
fluoride located in the molecular sym-
metry plane of trimethylene sulfide,
which is puckered at a similar angle to
that found for the bare ring.


Keywords: hydrogen bonds ¥
rotational spectroscopy ¥
supersonic jets


Introduction


Investigations of hydrogen-bond complexes by means of
different spectroscopic techniques have provided a large
amount of information on this topic. Nevertheless, in spite of
the huge number of molecular complexes studied, little
attention has been paid to the study of the conformational
behaviour of the hydrogen bonding. The detection and
characterization of different hydrogen-bond conformers pro-
vide valuable information about the factors which govern
molecular clustering to particular binding sites in the acceptor
molecule.
We have recently dealt with a systematic study of dimers


which are expected to present both axial and equatorial
conformers. The low-temperature environment of a super-
sonic jet expansion constitutes an excellent experiment to
generate possible conformers which can be proved by Fourier
transform microwave spectroscopy. The rotational spectra of
the conformers are then obtained, from which the moments of
inertia used to determine their structures can be extracted.


The resolution achieved with molecular beam Fourier trans-
form microwave spectroscopy (MB-FTMW)[1] is such that
even fairly small differences in the structures of the con-
formers will result in well separated spectra. Using this
technique we have detected for the first time axial and
equatorial conformers in the prototypical complexes of
tetrahydropyran and pentamethylene sulfide with HX (X�F,
Cl).[2±5] Both six-membered rings present two nonbonding
electron pairs at the O or S atoms that turn out to be
nonequivalent due to the chair conformations of the ring.
Thus, when complexed with HX the two nonequivalent
binding sites at the axial and equatorial positions led to two
different axial and equatorial conformers (see Figure 1 in
ref. [2]). Nevertheless, only one conformer has been observed
in the studies performed for the related complexes of
tetrahydrofuran and tetrahydrothiophene with HX,[6±9] since
both five-membered rings exhibit a twisted-like equilibrium
configuration with two equivalent nonbonding electron pairs
at the heteroatom.
The role which a large amplitude motion in the acceptor


molecule plays in the conformational behaviour of the
hydrogen bonding has also been analysed.[10±12] To this end,
the ring-puckering motion of the four-membered rings tri-
methylene oxide (TMO, oxetane, C3H6O) and trimethylene
sulfide (TMS, thietane, C3H6S) is an excellent benchmark.
Oxetane undergoes a ring-puckering large amplitude motion
described by a double-minimum potential function with a
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Figure 1. Ring-puckering potential functions for a) oxetane (TMO),
b) thietane (TMS), c) and d) TMO and TMS complexes with HX.


barrier to the planar configuration of �15 cm�1[13] (see
Figure 1a). Its equilibrium conformation is effectively planar
since the ground vibrational state is �12 cm�1 above the
barrier, so that the nonbonding electron pairs at the O atom
are equivalent. When complexed with HX (X�F, Cl) two
different behaviours can be predicted. According to Fig-
ure 1c, if the nearly planar ring configuration is not altered
upon complexation, only one conformer will be observed for
the complex as the nonbonding electron pairs remain
equivalent. In contrast, if complexation induces a puckered
conformation in the ring (increasing sufficiently the barrier to
planarity), the equivalence of the nonbonding electron pairs is
broken and two different axial and equatorial conformers will
appear as shown in Figure 1d. Investigation of the oxetane ¥ ¥ ¥
HX complexes[10, 11] proved conclusively the planarity of the


oxetane ring after dimerization as only one conformer was
observed for each complex. In the case of trimethylene
sulfide, the ring executes a ring-puckering motion with an
intermediate barrier to the planar configuration of
274 cm�1.[14, 15] The tunneling effect interconverts the two Cs


puckered conformations making equivalent the nonbonding
electron pairs at the S atom, as shown in Figure 1b. If
complexation with HX perturbs the large amplitude motion
resulting in a planar or nearly planar ring, only one conformer
would be expected (see Figure 1c). On the contrary, if the
double minimum survives after the hydrogen bond is formed,
the equivalence of the acceptor sites in the TMS monomer
ends by the effect of complexation, giving rise to axial and
equatorial conformers sited in the asymmetric double-mini-
mum potential function of Figure 1d. This behaviour has been
observed for the first time in our recent study of TMS ¥ ¥ ¥HCl
complex;[12] two structurally different axial and equatorial
species were characterized in the supersonic expansion, the
axial conformer being the most stable one.
Continuing with this investigation, we now report the


experimental study of the TMS ¥ ¥ ¥HF complex. The observa-
tion of both axial and equatorial conformers formed in the
supersonic expansion constitutes a decisive piece of evidence
to establish the importance that the ring-puckering large
amplitude motion has in the conformational behaviour of the
hydrogen bond.


Rotational spectra : The prediction of the rotational spectra
for the axial and equatorial rotamers of the complex was done
considering the structural models of Figure 1d and assuming
that the structures of the HF[16] and TMS[17] monomers remain
unchanged after complexation. The HF subunit was situated
in the molecular symmetry plane of TMS. For the structural
parameters of the hydrogen bond were adopted those of the
related pentamethylene sulfide ¥ ¥ ¥HFand thiirane ¥ ¥ ¥HF com-
plexes.[5, 18] Both conformers were then predicted to be near-
prolate tops, with their rotational spectra composed of fairly
intense �a- and weak �b-type transitions.
Using He as carrier gas, wide frequency scans were


performed. Groups of �a-type R-branch lines separated
approximately 4600 MHz were identified as belonging to the
axial form of the TMS ¥ ¥ ¥HF complex. On the basis of these
assignments, several of the much weaker �b-type R- and
Q-branch transitions were also identified and measured.
Apart from the systematic Doppler doublet, splittings arising
from the nuclear spin (H) ± nuclear spin (F) interaction within
the HF subunit have been observed in some of the rotational
transitions, as shown in Figure 2. This interaction couples the
resulting I� IH�IF angular momentum with the overall
rotational angular momentum J to give the total angular
momentum F � I�J.
Following the same procedure, �a-type R-branch spectra


corresponding to the 12C3H6
34S ¥ ¥ ¥HF, 13C�


12C2H6
32S ¥ ¥ ¥HF and


13C�
12C2H6


32S ¥ ¥ ¥HF isotopomers were detected in their natu-
ral abundances. All the transitions measured, along with their
assignments, are listed in Table 1. When the nuclear spin (H) ±
nuclear spin (F) hyperfine structure was not resolved, the
observed frequency was assigned to the quantum label of the
strongest component.


Abstract in Spanish: Los confo¬rmeros axial y ecuatorial del
complejo formado por sulfuro de trimetileno y fluoruro de
hidro¬geno se han generado y caracterizado mediante espec-
troscopÌa de microondas con transformacio¬n de Fourier en
haces moleculares. La observacio¬n de dos confo¬rmeros se debe
a la vibracio¬n del anillo fuera del plano del sulfuro de
trimetileno. Se ha constatado que el confo¬rmero axial es el ma¬s
estable, debido a la existencia de relajacio¬n desde el confo¬r-
mero ecuatorial de mayor energÌa. Esta preferencia conforma-
cional se ha discutido en el contexto del crÌtico balance
existente entre enlaces de hidro¬geno primarios y secundarios.
La interconversio¬n entre confo¬rmeros tiene lugar a trave¬s de la
vibracio¬n del anillo fuera del plano del heterociclo, dado que la
barrera para la inversio¬n del anillo se mantiene baja en el
complejo como indican los datos experimentales. Los para¬me-
tros estructurales del enlace de hidro¬geno y del sulfuro de
trimetileno se han obtenido del ana¬lisis de los espectros de
rotacio¬n de los isotopo¬meros C3H6


32S ¥ ¥ ¥HF, C3H6
34S ¥ ¥ ¥HF,


13C�
12C2H6


32S ¥ ¥ ¥HF y 13C�
12C2H6


32S ¥ ¥ ¥HF. Ambos confo¬rme-
ros tienen simetrÌa Cs con el fluoruro de hidro¬geno situado en el
plano de simetrÌa del sulfuro de trimetileno que se encuentra
plegado un a¬ngulo similar al encontrado en el anillo aislado.
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Once the rotational spectrum of the axial conformer was
assigned, careful searches allowed the observation of a
weaker series of lines spaced �4200 MHz belonging to �a-
type R-branch transitions of the equatorial conformer.
These transitions were approximately seven times less


intense than those corresponding to the axial conformer. This
seems to indicate that the axial form is the most stable one.
Similarly to the axial conformer, some transitions exhibit
hyperfine structure due to nuclear spin (H) ± nuclear spin (F)
coupling. The spectra of 12C3H6


34S ¥ ¥ ¥HF and 13C�
12C2H6


32S ¥ ¥ ¥
HF species could also be detected in their natural abundances.
All measured frequencies are collected in Table 2.
The spectroscopic constants were determined by fitting a


theoretical spectrum calculated from the asymmetric top


Hamiltonian H � HR
(A)�HSS to the observed frequencies


(Tables 1 and 2), using Pickett×s program.[19] . HR
(A) is the


A-reduced semirigid rotor Hamiltonian of Watson in the Ir


representation[20] and HSS � IF ¥D ¥ IH is the Hamiltonian for
the nuclear spin ± nuclear spin interaction,[21] where D is the
nuclear spin(H) ± nuclear spin(F) coupling tensor. The total
Hamiltonian was set-up in the coupled basis, I� IH�IF, F �
I�J. The derived rotational (A, B, C) and quartic centrifugal
distortion constants (�J, �JK, �K, �J, �K) for the axial and
equatorial conformers are displayed in Tables 3 and 4,
respectively. Only the Daa component of D could be deter-
mined from the resolved hyperfine components. In all cases,
the rms deviation of the fits was commensurate with the
estimated accuracy of the frequency measurements.


Table 1. Rotational transitions [MHz] for the axial conformer of trimethylene sulfide ¥ ¥ ¥HF complex.


12C3H6
32S ¥ ¥ ¥HF 12C3H6


34S ¥ ¥ ¥HF 13C�
12C2H6


32S ¥ ¥ ¥HF 13C�
12C2H6


32S ¥ ¥ ¥HF
J � K ��1 K ��1 J �� K ���1 K ���1 I � F � I �� F �� obsd obsd-calcd[a] obsd obsd-calcd obsd obsd-calcd obsd obsd-calcd


1 1 1 0 0 0 1 2 1 1 6774.038 � 0.005 6667.849 � 0.001
0 1 0 0 6774.050 0.004


2 0 2 1 0 1 1 1 1 2 9297.553 � 0.001 9245.292 0.000 9232.964 � 0.001 9228.130 0.000
2 1 2 1 1 1 1 3 1 2 9070.581 0.002 9002.874 0.008 9020.031 0.008 8989.514 � 0.003


1 2 1 1 9070.539 0.002 9002.823 0.006 9019.977 � 0.002
0 2 0 1 9070.573 0.002 9002.852 � 0.004 9020.011 � 0.003
1 1 1 1 9070.573 0.002 9002.852 � 0.004 9020.011 � 0.003
1 2 1 2 9070.563 0.006
1 1 1 2 9070.596 0.004


2 1 1 1 1 0 1 3 1 2 9565.349 0.002 9536.835 0.000 9482.158 0.003
0 2 0 1 9565.338 0.000 9536.835 0.000 9482.143 � 0.003
1 1 1 1 9565.338 0.000 9536.835 0.000 9482.143 � 0.003
1 2 1 1 9565.305 0.001 9536.791 � 0.003 9482.114 0.004
1 2 1 2 9565.330 0.005
1 1 1 0 9565.389 � 0.001


2 0 2 1 1 1 1 3 1 2 7182.591 � 0.004
0 2 0 1 7182.577 � 0.005
1 2 1 2 7182.552 0.001
1 1 1 1 7182.605 0.006


2 1 2 1 0 1 1 3 1 2 11185.536 � 0.004 11035.691 0.001
0 2 0 1 11185.536 � 0.004 11035.691 0.001
1 2 1 1 11035.713 0.002


3 0 3 2 0 2 1 4 1 3 13895.755 � 0.004 13807.439 � 0.001 13804.430 0.003 13784.323 0.000
3 1 3 2 1 2 1 4 1 3 13593.270 � 0.002 13489.275 � 0.003 13518.795 � 0.001 13469.907 0.004
3 1 2 2 1 1 1 4 1 3 14334.231 � 0.002 14288.692 0.003 14210.967 � 0.006 14254.651 0.000
3 2 2 2 2 1 1 4 1 3 13976.341 0.010


1 3 1 2 13976.283 � 0.004
0 3 0 2 13976.316 � 0.004


3 2 1 2 2 0 1 4 1 3 14057.254 0.006
1 3 1 2 14057.206 0.003
0 3 0 2 14057.232 � 0.006


3 0 3 2 1 2 1 4 1 3 12007.774 0.000
0 3 0 2 12007.764 � 0.004


3 1 3 2 0 2 1 4 1 3 15481.257 0.000 15279.677 0.000
0 3 0 2 15481.257 0.000 15279.677 0.000
1 2 1 1 15481.243 � 0.001 15279.662 0.000


4 0 4 3 0 3 1 5 1 4 18438.307 � 0.001 18304.335 � 0.004 18325.946 � 0.002 18277.753 0.000
4 1 4 3 1 3 1 5 1 4 18102.306 � 0.002 17959.602 � 0.005 18005.316 � 0.003 17934.833 � 0.001
4 1 3 3 1 2 1 5 1 4 19085.092 0.000 19018.645 -0.002 18923.832 0.002
4 2 3 3 2 2 1 5 1 4 18618.487 � 0.004
4 2 2 3 2 1 1 5 1 4 18815.055 � 0.002
4 2 3 4 1 4 1 5 1 5 7986.351 0.000
4 0 4 3 1 3 1 5 1 4 16852.812 0.001 16832.104 0.002
5 0 5 4 0 4 1 6 1 5 22920.095 0.005 22733.099 0.002 22791.943 0.000
5 1 5 4 1 4 1 6 1 5 22595.370 � 0.002 22411.448 0.002 22477.416 0.001
5 1 4 4 1 3 1 6 1 5 23809.419 0.002 23716.092 0.001
9 2 7 9 1 8 1 10 1 10 6866.315


[a] Observed-calculated values from rotational parameters of Table 3.
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Symmetry and structure : A first insight on the structure of the
conformers comes from the observation in the supersonic jet
of both axial and equatorial forms which is a compelling
evidence that the two nonbonding electron pairs at the S atom
are nonequivalent as a consequence of the puckered con-
formation of the ring.
The values of the planar moments Pc�


�


i
mic 2i collected in


Tables 3 and 4 are practically identical for the parent, 34S and
13C� (axial conformer) isotopic species, which indicates that
these atoms are located in the ab principal inertial plane of
each conformer. In addition, this plane coincides with the ac
symmetry plane of bare TMS: the ground vibrational state


value of Pb in TMS is 43.98299(16) uä2 (calculated from
ref. [17]), very similar to the Pc planar moments of both
conformers. This is a conclusive evidence that the ab principal
inertial planes of the conformers are also symmetry planes,
and that the HF subunit in both conformers is located in them.
Therefore, the axial and equatorial conformers of the TMS ¥ ¥ ¥
HF complex have Cs symmetry.
The determination of an r0-like structure for each con-


former was done by means of iterative least squares fits[22] of
the rotational constants given in Tables 3 and 4. In this
procedure the geometry of the HF monomer[16] was assumed
to be unaltered upon complexation and the hydrogen atoms
of the methylene groups were situated at distances r (C�H)�
1.09 ä and angles�HCH� 108� with a C2v local symmetry
around the C atoms. Information on the location of the H
atom of the HF subunit, and consequently on the deviation
from collinearity of the S ¥ ¥ ¥H-F fragment, can be provided by
the coupling constant Daa, which is related to the �az angle
between the a principal inertial axis and the HF bond (z) (see
Figure 3) through Equation (1).[23]


Daa� 1³4D0 �3cos2� � 1� �3cos2�az � 1� (1)


whereD0 is the nuclear spin ± nuclear spin constant of free HF
(D0��286.75 kHz[24, 25]) and � is the HF oscillation angle
about its centre of mass. This equation allows us to estimate
the �az angle under the assumption of no lengthening of the
HF distance once the complex is formed. Taking an average
value of �� 20(5)� [18, 23] and the quoted errors for Daa, �az
angles of 31.3(26) and 37.5(34)� were calculated for the axial
and equatorial forms, respectively.


Figure 2. 21,2� 11,1 transition of the axial C3H6
32S ¥ ¥ ¥HF complex showing


the nuclear spin (H) ± nuclear spin(F) hyperfine components splitted by
Doppler effect.


Table 2. Rotational transitions [MHz] for the equatorial conformer of trimethylene sulfide ¥ ¥ ¥HF complex.


12C3H6
32S ¥ ¥ ¥HF 12C3H6


34S ¥ ¥ ¥HF 13C�
12C2H6


32S ¥ ¥ ¥HF
J � K ��1 K ��1 J �� K ���1 K ���1 I � F � I �� F �� obsd obsd-calcd[a] obsd obsd-calcd obsd obsd-calcd


1 1 1 0 0 0 1 2 1 1 7254.904 0.002
2 0 2 1 0 1 1 3 1 2 8387.064 � 0.002 8354.144 0.002 8340.476 0.002
2 1 2 1 1 1 1 2 1 1 8304.175 0.002 8457.087 0.002


0 2 0 1 8304.195 � 0.004
1 3 1 2 8304.209 0.004


2 1 1 1 1 0 1 2 1 1 8473.550 � 0.002
0 2 0 1 8473.582 0.000
1 3 1 2 8473.582 0.000


2 1 2 1 0 1 1 3 1 2 11364.618 0.003
3 0 3 2 0 2 1 4 1 3 12575.833 � 0.001 12524.537 0.000 12506.963 0.001
3 1 3 2 1 2 1 3 1 2 12454.859 � 0.004 12401.454 � 0.001


1 4 1 3 12454.874 0.002
3 1 2 2 1 1 1 4 1 3 12708.750 � 0.003 12683.525 � 0.001 12621.714 � 0.003
3 2 2 2 2 1 1 3 1 2 12583.276 � 0.001


1 4 1 3 12583.311 0.002
3 2 1 2 2 0 1 3 1 2 12590.204 0.004


1 4 1 3 12590.238 0.006
3 0 3 2 1 2 0 3 0 2 9598.278 � 0.001


1 4 1 3 9598.289 0.004
3 1 3 2 0 2 1 4 1 3 15432.419 � 0.002
4 0 4 3 0 3 1 5 1 4 16758.936 0.002 16687.002 � 0.004 16668.983 � 0.001
4 1 4 3 1 3 1 5 1 4 16603.857 � 0.003 16506.798 0.001
4 1 3 3 1 2 1 5 1 4 16941.952 � 0.004 16907.398 0.000 16826.420 0.001
4 2 3 3 2 2 1 5 1 4 16775.566 � 0.006
4 2 2 3 2 1 1 5 1 4 16792.824 0.001
5 0 5 4 0 4 1 6 1 5 20934.604 0.004 20839.141 0.002
5 1 5 4 1 4 1 6 1 5 20750.669 0.000 20628.049 0.000
5 1 4 4 1 3 1 6 1 5 21172.494 0.000 21127.761 0.000


[a] Observed-calculated values from rotational parameters of Table 3.
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The definitive r0-like struc-
tures were determined in final
least squares fits constraining
the �az angles to the above
values. The fitted parameters
r (C��C�), r (S�C�), r (S ¥ ¥ ¥F),
and the angles � (angle of
puckering of the TMS ring)
and � (angle between the line
bisecting the CSC angle and the
S ¥ ¥ ¥F internuclear line) are col-
lected in Table 5 along with the
derived hydrogen bond param-
eters r (S ¥ ¥ ¥H), � (angle be-
tween the S ¥ ¥ ¥H hydrogen
bond and the line bisecting the
CSC angle) and � (angle of
deviation of the S ¥ ¥ ¥H-F frag-


ment from collinearity). The geometries of both forms, drawn
to scale, are shown in Figure 3. These geometries reproduce
the experimental rotational constants within 0.5%.


Conformational preference and relaxation : Spectroscopic
studies in seeded supersonic jets of noble gases (He, Ne, Ar)
have shown that certain conformers, predicted to be among
the lowest energy group conformers, are not detected in the
adiabatic expansion.[26] It has also been reported that this
phenomenon is observed when the barrier to interconversion
between the conformers is less than about 400 cm�1.[27] To
explain this experimentally observed feature the possibility
for certain conformers relaxing to lower energy conformers
during the expansion must be considered. Hence, it is
accepted that the relaxation is produced by collisions with
the inert carrier gas and that this event takes place with more
efficiency when a heavier inert gas is used.
With the aim of elucidating the conformational preference


and check the behaviour of TMS ¥ ¥ ¥HF with respect to
relaxation, several tests were carried out diluting �1% of
each component in He or Ar at stagnation pressures of about
2 bar. After optimizing conditions, we polarized at the
positions of measured � a-type R-branch transitions of both
conformers. Using He as carrier gas the transitions of the
equatorial conformer were approximately seven times less
intense than those corresponding to the axial conformer
(ax:eq �7:1). Coarse calculations on the electric dipole
moments yielded very similar values for the �a components
for both conformers, so the difference in intensity cannot be
attributed to a large discrepancy between the dipole moment
components. This was a first hint that the axial form is the
most stable one. Surprisingly, no sign of the equatorial form
was found with Ar even after accumulating more than 8000
shots. Considering the intensity ratio with He and the strength
showed by the transitions of the axial conformer in Ar, the
corresponding transitions of the equatorial form must have
enough intensity to be easily detected in Ar. Thus, we can
conclude that relaxation from the equatorial to the axial form
occurs in the supersonic expansion during the formation of
the TMS ¥ ¥ ¥HF, being the axial conformer the most stable one.


Table 3. Rotational parameters for the axial conformer of trimethylene sulfide ¥ ¥ ¥HF complex.


C3H6
32S ¥ ¥ ¥HF C3H6


34S ¥ ¥ ¥HF 13C�C2H6
32S ¥ ¥ ¥HF 13C�C2H6


32S ¥ ¥ ¥HF


A [MHz] 4568.2375(27)[a] 4483.8759(39) 4512.86(12) 4498.45(20)
B [MHz] 2453.24470(61) 2451.0176(11) 2428.3648(16) 2443.9928(16)
C [MHz] 2205.85439(60) 2184.02296(95) 2197.2931(13) 2181.9194(16)
�J [kHz] 5.770(11) 5.558(13) 5.745(32) 5.684(70)
�JK [kHz] 14.73(11) 14.71(34) 13.0(11) 14.5(18)
�K [kHz] � 15.80(78) [�15.80][b] [�15.80] [�15.80]
�J [kHz] 1.0615(89) 1.061(13) 1.037(21) [1.0615]
�K [kHz] � 6.84(32) [�6.84] [�6.84] [�6.84]
Daa [kHz] � 137.3(69) � 155.(13) � 142.(14) ±
N [c] 46 26 17 7
Jmax 9 5 5 4
�[d] [kHz] 3.6 3.1 3.3 2.0
Pc


[e] [uä2] 43.76257(42) 43.75175(48) 45.0504(19) 43.7540(30)


[a] Standard error in parentheses in units of the last digit. [b] Parameters in square brackets were fixed to the
corresponding C3H6


32S ¥ ¥ ¥HF value. [c] Number of fitted hyperfine components. [d] rms deviation of the fit.
[e] Pc � (Ia�Ib � Ic)/2 � �imici2. Conversion factor: 505379.1 MHzuä2.


Table 4. Rotational parameters for the equatorial conformer of trimethy-
lene sulfide ¥ ¥ ¥HF complex.


C3H6
32S ¥ ¥ ¥HF C3H6


34S ¥ ¥ ¥HF 13C� C2H6
32S ¥ ¥ ¥HF


A [MHz] 5199.9913(34)a 5102.35(44) 5125.6(22)
B [MHz] 2139.6249(11) 2139.4154(17) 2122.2712(18)
C [MHz] 2054.89140(93) 2039.0235(22) 2048.7462(13)
�J [kHz] 7.344(11) 7.171(17) 7.137(53)
�JK [kHz] � 22.76(11) [�22.76][b] [�22.76][b]
�K [kHz] [0.0][c] [0.0][c] [0.0][c]


�J [kHz] 1.380(13) 1.432(22) [1.38][b]


�K [kHz] [0.0][c] [0.0][c] [0.0][c]


Daa [kHz] � 103.(10) ± ±
N [d] 28 10 6
Jmax 5 5 4
�[e] [kHz] 3.0 1.6 1.6
Pc


[f] [uä2] 43.72437(49) 43.7089(49) 45.026(21)


[a] Standard error in parentheses in units of the last digit. [b] Parameters
fixed to the corresponding C3H6


32S ¥ ¥ ¥HF value. [c] Parameters fixed to
zero in the fit. [d] Number of fitted hyperfine components. [e] rms
deviation of the fit. [f] Pc� (Ia � Ib � Ic)/2��i mici2. Conversion factor:
505379.1 MHz uä2.


Table 5. Experimental structural parameters for axial and equatorial
conformers of trimethylene sulphide ¥ ¥ ¥HF complex.


Parameters[a, b] TMS ¥ ¥ ¥HFAxial TMS ¥ ¥ ¥HF Equatorial


r (S�C�) [ä] 1.833(6)[c] 1.833(17)
r (C�
�C�) [ä] 1.546(7) 1.56(2)


r (C��C�) [ä] 2.277(5) 2.276(5)
r (F ¥ ¥ ¥ S) [ä] 3.094(2) 3.067(14)
�C�-S-C� [�] 76.8(4) 76.8(9)
�C�-C�-S [�] 91.2(3) 91.8(9)
�C�-C�-C� [�] 94.9(5) 93.6(17)
� [�] 25.4(4) 25.(2)
r (S ¥ ¥ ¥H) [ä] 2.17(4) 2.16(6)
� [�] 88.82(16) 89.8(3)
� [�] 91.1(15) 93.(3)
� [�] 8.(4) 12.(6)
r (X ¥ ¥ ¥H�) [ä] 3.09(3)
r (X ¥ ¥ ¥H�) [ä] 2.97(2)


[a] See Figure 3 for notation. [b] The remaining parameters were kept
fixed at standard values of r (C�H)� 1.09 ä and�HCH� 108� (with a C2v


local symmetry around the C atoms). [c] Standard errors in parentheses in
units of the last digit.







FULL PAPER J. L. Alonso et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4270 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 184270


Discussion


The observation of two rotamers in the supersonic expansion
proves that TMS ¥ ¥ ¥HF complex is a mixture of axial and
equatorial conformers. This observation is a consequence of
the existence of a ring-puckering large-amplitude motion in
the TMS subunit that survives after the hydrogen-bond
formation. Hence the double minimum potential function is
retained after the interaction with HF, emerging two non-
equivalent binding sites at the S atom which result in different
axial and equatorial conformers.
The structural parameters of the TMS monomer in the


complex, r (C��C�) and r (S�C�) distances and the ring-
puckering angles �, have been found to be practically equal
for both conformers and they have almost the same values as
obtained for TMS in the related heterodimer TMS ¥ ¥ ¥HCl.[15]


Moreover, the values of these ring-puckering angles are very
close to that of �28� derived for free TMS,[17] which might
indicate a non-significant distortion of TMS configuration
upon complexation.
The hydrogen-bond distances r (S ¥ ¥ ¥H) shown in Table 5


are identical for the axial and equatorial conformers and
similar to those determined for related complexes thiirane ¥ ¥ ¥
HF (2.193(18) ä[18]), tetrahydrothiophene ¥ ¥ ¥HF (2.15(4) ä[9])
and pentamethylene sulfide ¥ ¥ ¥HF (2.27(1) ä for the axial and
2.18(2) ä for the equatorial).[5] Furthermore these distances
are slightly shorter than those of 2.28(2) ä and 2.26(6) ä
determined for the axial and equatorial conformers of the
TMS ¥ ¥ ¥HCl complex[12] following the same trend observed in
other hydrogen-bond complexes when a Cl atom is replaced
by a F nucleus.[5, 6±9]


The angles � between the line bisecting the CSC angle and
the S ¥ ¥ ¥H (see Figure 3) bond derived for both forms provide
evidence of a local C2v symmetry around the S atom.
Moreover, if we accept that the direction of the HF molecule
acts as a probe for the orientation of the nonbonding electron
pairs at the S atom,[28] the axis of these pairs in TMS appears to
be perpendicular to the CSC plane. This can be also
rationalized considering the HOMO±LUMO model which
interprets the new bond as an interaction between the �*
LUMO of HF and the n� HOMO orbital of TMS, orthogonal
to the S�C bonds. The same conclusion has been reached in
the study of TMS ¥ ¥ ¥HCl complex.[12]


An interesting aspect to examine is the nonlinearity of the
hydrogen bonds manifested in the values of the � angles of
Table 5. The large quoted errors for the small � values support
the existence of nearly linear hydrogen bonds for both
conformers. In some related complexes with HX[4, 7±10, 12, 29±32]


secondary hydrogen bond interactions between the X�� and
the nearest methylene hydrogen groups of the ring have been
invoked to account for these distortions in the usual linearity
of the primary hydrogen bond. Typical distances between the
atoms involved in this second-order interaction for HF
complexes lie in the range 2.8 ± 3.2 ä.[3, 7, 9, 11, 18, 23, 30, 33] In the
TMS ¥ ¥ ¥HF complex, the F�� could interact with the hydrogen
atoms attached to the �-CH2 groups of the equatorial
conformer or with the hydrogen atom of the �-CH2 group in
the case of the axial form (see Figure 3). The calculated
distances of r (F ¥ ¥ ¥H�)� 2.97(2) ä and r (F ¥ ¥ ¥H�)� 3.09(3) ä
(within the reported interval) allow us to infer the existence of
secondary hydrogen bonds in the axial and equatorial con-
formers of the TMS ¥ ¥ ¥HF complex.
An interesting point to discuss in the above context is the


observed conformational preference. If we accept that the
strength of the primary hydrogen bond is connected with the
S ¥ ¥ ¥H distance, no conformational preference can be antici-
pated from the near values of 2.17 and 2.16 ä calculated for
the axial and equatorial conformers, respectively. Despite the
presence of secondary hydrogen bond interactions in both
forms, the shorter value for the r (F ¥ ¥ ¥H�) distance in the axial
conformer would explain the relative stability ax:eq �7:1
observed in TMS ¥ ¥ ¥HF complex. Same arguments have been
used in related complexes.[5]


On the basis of the relaxation observed, the barrier to the
ring-puckering motion of TMS must be maintained below the
limit of �400 cm�1 after complexation, taking place the
interconversion between conformers through the ring inver-
sion of TMS. This behaviour is consistent with that previously
reported for TMS ¥ ¥ ¥HCl[12] and with the fact that no
relaxation in the related pentamethylene sulfide ¥ ¥ ¥HCl and
HF complexes was observed.[4, 5] In pentamethylene sulfide
the barrier to invert the ring configuration has been reported
to be 4057 cm�1.[34] Fortunately here a relatively high barrier
for interconversion between the conformers exists which
leads to an incomplete vibrational relaxation in the jet-cooled
beam of the experiment. Thus, both axial and equatorial
rotamers get trapped within their respective individual wells
of the asymmetric potential function (see Figure 1d) so they
are observable in a very low-temperature experiment using
He as carrier gas.


Figure 3. Structures of axial and equatorial conformers of trimethylene
sulfide ¥ ¥ ¥HF.
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Experimental Section


The rotational spectrum of TMS ¥ ¥ ¥HF dimer was investigated in the 5 ±
26 GHz region using the MB-FTMW spectrometer described elsewhere,[35]


so only essential details need to be given here. The trimethylene sulfide ¥ ¥ ¥
hydrogen fluoride complex was generated through the adiabatic expansion
in a evacuated chamber of gas mixtures of �1% of each component in He
at backing pressures of �2 bar. Microwave pulses of 0.2 �s at 40 mW
excitation powers were coupled in a Fabry ± Perot cavity formed of two
aluminium mirrors arranged coaxially and near confocally. In the centre of
one mirror is located a solenoid nozzle which was used to generate
molecular pulses of 0.28 ± 0.36 ms along the cavity axis. If the radiation
interacts with the sample the subsequent emission is detected in the time
domain, digitised and Fourier transformed to produce a frequency domain
spectrum. Since the molecular beam travels parallel to the microwave
radiation, every line is split into two components due to the Doppler effect.
The resonance frequency is then calculated as the arithmetic mean of the
Doppler components. The accuracy of frequency measurements is esti-
mated to be better than 5 kHz.
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Asymmetric Total Synthesis of (�)-Callystatin A and (�)-20-epi-Callystatin A
Employing Chemical and Biological Methods
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Dedicated to Professor Hans Paulsen on the occasion of his 80th birthday


Abstract: An efficient asymmetric total
synthesis of the potent cytotoxic marine
natural product (�)-callystatin A and its
20-epi analogue has been achieved. The
synthetic pathway involved the prepara-
tion of three fragments to be coupled
with each other at the end of the route.
The first fragment 3 was obtained using
a biocatalytic enantioselective reduction
of a 3,5-dioxocarboxylate as the key
step. For the second intermediate 4 the
asymmetric �-alkylation of an O-pro-
tected derivative of 4-hydroxybutanal


was performed exploiting the SAMP/
RAMP hydrazone alkylation method-
ology, and followed by a highly Z-
selective Horner ± Wadsworth ± Em-
mons reaction under modified condi-
tions. For the synthesis of the polypro-
pionate fragment 5 a diastereoselective
syn-aldol reaction was employed be-


tween a chiral ethyl ketone and an �-
substituted chiral aldehyde, both pre-
pared in enantiopure form again by
means of the asymmetric alkylation of
their corresponding RAMP hydrazones.
Finally, these three building blocks were
coupled using highly E-selective Wittig
reactions via allyltributylphosphonium
ylides to afford the target compounds
after a final oxidation/deprotection se-
quence.


Keywords: asymmetric synthesis ¥
enzymes ¥ hydrazones ¥ natural
products ¥ total synthesis


Introduction


(�)-Callystatin A is a potent cytotoxic polyketide isolated
from the marine sponge Callyspongia truncata by Kobayashi
et al. in 1997.[1] Its structure was elucidated by physicochem-
ical methods[2] and shortly afterwards its absolute configu-
ration was confirmed by the same authors through total
synthesis.[3] Some structural analogues were also synthesised
to establish some structure ± activity relationships.[4] The
structure of (�)-callystatin A shows a polypropionate chain
and a lactone ring connected to each other by two diene
systems separated by two sp3-hybridised carbon atoms (Fig-
ure 1). This arrangement is structurally related to several
antitumour antibiotics such as anguinomycin,[5] (�)-leptomy-
cin B,[6] (�)-kazusamycin,[7] (�)-fostriecin,[8] (�)-leptofura-
nin[9] or (�)-ratjadone,[10] (�)-pironetin A,[11] (�)-discoder-


Figure 1. (�)-Callystatin A and other structurally related natural products.
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molide[12] as well as (�)-ebelactone A[13] (enzyme inhibitor).
These compounds have been the focus of much attention from
organic chemists in recent years, not only because of the
promising biological activities shown, but also for the elegant
total syntheses in which several research groups have been
involved.


The fact that only very small amounts of this compound can
be obtained from natural sources (1.0 mg of the natural
product was isolated from 10 kg of sponge) makes (�)-
callystatin A a very attractive target for total synthesis. In fact,
some reports have very recently appeared covering the
preparation of this polyketide. Shortly after the isolation
and first total synthesis by Kobayashi et al. in 1998,[3] a total
synthesis was published by Crimmins et al.,[14] in which a
chiral auxiliary aldol methodology was employed to build up
the polypropionate chain which was coupled with the other
subunits by means of allylic Wittig reactions. In 2001 Smith
et al.[15] reported the total synthesis of (�)-callystatin A using
a combination of the Evans aldol methodology with two Julia
olefination reactions. Kalesse et al.[16] accomplished a total
synthesis employing Heck and Wittig reactions to construct
the C1�C20 chain and performed a final diastereoselective
aldol reaction in order to complete the synthesis. Most
recently Marshall et al.[17] have reported a total synthesis of
this polyketide in which the key attribute implicated the
formation of the polypropionate chain by stereoselective
addition of chiral allenylmetals to aldehydes. One common
feature in all reported syntheses so far is that at least one of
the stereogenic centres present in the skeleton of the natural
product was introduced from a chiral-pool building block.


In this context, and in view of the challenging structure of
(�)-callystatin A, in 1998 we determined to engage in its total
synthesis[18] as a unique opportunity to expand the scope of
our SAMP/RAMP asymmetric hydrazone alkylation method-
ology for the introduction of several of the stereogenic


centres.[19] In addition, a flexible and convergent synthetic
route should be of great interest in the sense that structural
analogues with potentially improved biological activity could
be readily accessible.


Our retrosynthetic approach (Scheme 1) is based on
disconnections of the C6�C7 and C12�C13 double bonds, which
can be built up by means of highly E-selective Wittig
olefinations between allyltributylphosphorous ylides derived
from the corresponding allylic bromides 2 and 4.[20] Aldehyde
3 is accessible from keto ester 6, which can be prepared in an
almost enantiopure form by biocatalytic enantioselective
reduction of a 6-chloro-3,5-dioxohexanoate under conditions
recently published by us.[21] Bromide 4 can be obtained by
selective olefination of functionalised aldehyde 7, which is a
suitable compound to be prepared by asymmetric �-alkyla-
tion of the corresponding (S)-1-amino-2-methoxymethylpyr-
rolidine (SAMP) hydrazone. Finally, bromide 2 can be
synthesised from triol 5, which should be obtained by means
of a syn-selective aldol reaction between the enolate derived
from 8 and chiral aldehyde 9. The latter compounds can also
be provided as virtually single enantiomers by standard
SAMP/RAMP hydrazone alkylation procedures.


Scheme 1. Retrosynthetic analysis for (�)-callystatin A.


Results and Discussion


Synthesis of the aldehyde 3 : For the generation of the
stereogenic centre in the key intermediate 3 (Scheme 2), we
exploited the already mentioned enantioselective biocatalytic
reduction of 3,5-dioxocarboxylates developed recently.[21a, b]


Treatment of tert-butyl 6-chloro-3,5-dioxohexanoate with
dried baker×s yeast in a biphasic system (water/XAD-7
adsorber resin) furnished the regio- and enantioselective
reduced hydroxy keto ester 6 in 94% enantiomeric excess. The


Abstract in German: Durch eine effiziente asymmetrische
Totalsynthese wurde der stark cytotoxische marine Naturstoff
(�)-Callystatin A und dessen 20-epi Analogon erhalten. Die
Syntheseroute basiert auf der Darstellung von drei Fragmen-
ten, die gegen Ende der Synthese miteinander gekuppelt
werden. Das erste Fragment 3 wurde mittels einer biokatalyti-
schen, enantioselektiven Reduktion eines 3,5-Dioxocarboxylats
als Schl¸sselschritt erhalten. Zur Darstellung des zweiten
Intermediats 4 wurde eine asymmetrische �-Alkylierung eines
O-gesch¸tzten 4-Hydroxybutanals unter Anwendung der
SAMP/RAMP-Hydrazon-Methode durchgef¸hrt, gefolgt von
einer hoch Z-selektiven modifizierten Horner ±Wadsworth ±
Emmons-Reaktion. F¸r die Synthese des Polypropionatfrag-
ments 5 wurde eine diastereoselektive syn-Aldol-Reaktion
zwischen einem chiralen Ethylketon und einem �-substituier-
ten chiralen Aldehyd, beide in enantiomerenreiner Form ¸ber
asymmetrische Alkylierung der entsprechenden RAMP-Hy-
drazone hergestellt, verwendet. Schlie˚lich wurden die drei
Bausteine unter Verwendung von hoch E-selektiven Wittig-
Reaktionen via Allyltributylphosphonium Ylide miteinander
gekuppelt, um nach Oxidation und Entfernung der Schutz-
gruppe die Zielmolek¸le zu erhalten.
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Scheme 2. Synthesis of the aldehyde 3. a) dried baker×s yeast, XAD-7/
H2O, RT, 50%. b) 1) NaBH4, EtOH, 0 �C; 2) pTsOH (cat), toluene, 120 �C,
78%. c) 1) DIBAL-H, CH2Cl2, �78 �C; 2) iPrOH, PPTS, benzene, 80 �C,
79%. d) TBAA, NMP, 85 �C, 89%. e) K2CO3, MeOH, 97%. f) (COCl)2,
DMSO, EtN(iPr)2, CH2Cl2, �78 �C, 95%. TBAA� tetrabutylammonium
acetate, NMP�N-methyl-2-pyrrolidinone.


remaining keto group in this compound was then reduced
with sodium borohydride and upon treatment with a catalytic
amount of pTsOH in refluxing toluene underwent lactonisa-
tion together with elimination to provide the �,�-unsaturated
�-lactone 10 in good yield. The enantiomeric excess of 10 was
determined by means of HPLC analysis on a chiral stationary
phase.[22]


Our first attempts towards the exchange of the chlorine
atom into the desired hydroxy functionality by applying
tetrabutylammonium acetate (TBAA) in the presence of N-
methylpyrrolidinone (NMP)[23] to lactone 10 led to decom-
position of the starting material. Similar observations were
made by Lichtenthaler and co-workers during the reaction of
the iodosubstituted lactone with triphenylphosphine.[24]


As a consequence we protected the lactone moiety as an
acetal by DIBAL-H reduction followed by an acid-catalysed
acetalisation with isopropanol in refluxing benzene. The
reaction was highly diastereoselective, providing the thermo-
dynamically preferred �-anomer 11[25] together with 5 ± 8 % of
the other epimer. Because this acetal would be reoxidised in
the final step of the synthesis it could be used as a mixture of
diastereoisomers, even though the separation of both was
possible using column chromatography. The conversion of the
chlorine atom into a hydroxy group was achieved by a chloro-
acetoxy substitution reaction of the protected intermediate 11
with TBAA in NMP, followed by saponification of the newly
generated ester functionality with potassium carbonate in
MeOH.[23] Finally, treatment of 12 under standard Swern
oxidation conditions furnished the aldehyde 3.


Synthesis of allylic bromide 4 : To obtain the required chiral �-
substituted aldehyde 7, our first approach was to alkylate the
SAMP hydrazone of propanal (13) with several O-protected
2-iodo- or 2-bromoethanol derivatives (Scheme 3, Table 1).
The selection of the protecting groups was made according to
their ability to be removed under non-reductive conditions in
the presence of C�C double bond moieties, as it is required in
our case. Although the configuration of the newly created
stereogenic centre is the opposite to the desired one, the
reaction should give us information about the viability of
this approach. Unfortunately, all attempts to obtain the


Scheme 3. Synthesis of the �-alkylated hydrazones 14a ± c and 16a ± b.
a) see Table 1.


�-alkylated products by this procedure suffered from lack of
selectivity or low yields (see Table 1).


Therefore, we inverted the order of assembly of the
reagents in the construction of the stereogenic centre and
proceeded with the alkylation of the SAMP hydrazones of
O-protected 4-hydroxybutanal 15a ± b with iodomethane. In
this case the reactions occurred with good yields and very high
diastereoselectivities, affording the �-alkylated products with
the required (R) configuration at the newly created stereo-
genic centre (Scheme 3, Table 1).


The virtually enantiopure aldehydes 7a ± b were obtained
after clean removal of the auxiliary by ozonolysis (Scheme 4).
In this reaction, (S)-2-(methoxymethyl)-1-nitrosopyrrolidine,
produced together with the aldehyde 7a ±b, can be separated
from the latter by column chromatography and recycled to
SAMP by LiAlH4 reduction.[26] For the Z-selective installation
of the double bond in the �,�-unsaturated esters 18a ± b we


Scheme 4. Synthesis of the allylic bromides 4a ± b. a) O3, CH2Cl2, �78 �C,
86% (7a), 77% (7b). b) 17b, NaH, THF, 0 �C, 85 % (18a), 91 % (18b).
c) DIBAL-H, CH2Cl2, �78 �C, 95 % (19a), 96% (19b). d) CBr4, PPh3,
CH3CN, RT, 5% (4a, R�TBS), 95 % (4b, R�TBDPS).


Table 1. Alkylation of hydrazones 13 and 15a ± b. All reactions were
carried out by deprotonation of the hydrazone with LDA in THF at 0 �C for
5 h followed by addition of the electrophile at �100 �C.


Substrate Electrophile Product R Yield [%] de [%][a]


1 13 BrCH2CH2OTBS 14a TBS 14 87
2 13 BrCH2CH2OIPS 14b IPS 34 84
3 13 ICH2CH2OPMB 14c PMB 79 72[b]


4 15a MeI 16a TBS 85 � 95
5 15b MeI 16b TBDPS 80 � 95


[a] Determined by 13C NMR of the crude reaction mixture. [b] Determined
by 13C NMR on product 25 (OPMB instead of OTBDPS) obtained
afterwards during the synthesis. TBS� tert-butyldimethylsilyl, IPS� iso-
propyldimethylsilyl, PMB�para-methoxybenzyl, TBDPS� tert-butyldi-
phenylsilyl.
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investigated modified Horner ± Wadsworth ± Emmons condi-
tions. In this context, the use of the reagent 17a introduced by
Still and Gennari[27] gave the olefination product with a
moderate degree of diastereoselection (Z/E ratio of 8:1), as
known from the literature.[2, 14±17] Further investigations re-
vealed a much higher Z-selectivity employing the aryl
substituted phosphonate 17b, obtained according to a proto-
col developed by Ando.[28] This protocol uses simpler reaction
conditions (e.g. no crown ether is needed), and the esters
18a ±b were obtained in good yields and with excellent
diastereoselectivities (Z/E ratio of 34:1).


DIBAL-H reduction of the �,�-unsaturated esters 18a ± b
afforded cleanly the corresponding allylic alcohols 19a ± b. At
this point the enantiomeric excess could be accurately
determined by GC analysis to be �98 % for each compound.
Finally, the bromination of 19a ± b employing CBr4/PPh3 in
acetonitrile led to the allylic bromides 4a ± b. In the case of 4a,
only a small amount of material (5 %) together with a
complex mixture of by-products could be isolated after the
reaction. We thought that cleavage of the TBS group under
the reaction conditions could occur due to the formation of
HBr as by-product.[29] Although the yields were increased
when the reaction was repeated in the presence of a base such
as triethylamine (14%), pyridine (19 %) or 2,6-lutidine
(21 %), they did not reach the level required for preparative
purposes. Nevertheless, the bromination reaction of the
O-TBDPS protected allylic alcohol 19b afforded the desired
bromide 4b with excellent yield and without the presence of a
base.


Synthesis of the polypropionate fragment 2 :[30] For the
synthesis of the allylic bromide 2 we first had to provide the
chiral building blocks 8 and 9. Asymmetric alkylation of
3-pentanone via its (R)-1-amino-2-methoxymethylpyrrolidine
(RAMP) hydrazone derivative 21 with benzyloxymethyl
chloride (BOMCl) and subsequent cleavage of the auxiliary
afforded ketone 8 in 96 % ee and good yield (Scheme 5).[31] In


Scheme 5. Diastereoselective aldol coupling between 8 and 9. a) 1) LDA,
THF, 0 �C; 2) MeI, �100 �C. b) O3, CH2Cl2, �78 �C, 72 % (9), 67 % (ent-9)
over two steps. c) 1) LDA, Et2O, 0 �C; 2) BOMCl, �100 �C. d) O3, CH2Cl2,
�78 �C, 79 % over two steps. e) 1) Sn(OTf)2, Et3N, CH2Cl2, �78 �C; 2) 9,
�78 �C, 87 % (97 % ds). f) 1) TiCl4, EtN(iPr)2, CH2Cl2, �78 �C; 2) ent-9,
�78 �C, 96% (94 % ds).


a similar approach, we prepared (S)- and (R)-2-methylbutanal
9 and ent-9 by �-alkylation of butanal-RAMP or butanal-
SAMP hydrazones 20 or ent-20 with iodomethane, respec-
tively. Again it should be pointed out that the chiral auxiliaries
SAMP or RAMP could be recycled by LiAlH4 reduction of
the nitrosamine isolated after the ozonolysis step.[26]


The next task was to install two new stereogenic centres
through a syn-selective aldol reaction between 8 and 9.
(Scheme 5).[32] In a first attempt, the TiIV enolate of 8 was
reacted with aldehyde 9 and, although the aldol adduct was
obtained in good yields and excellent 4,5-syn selectivity, the
facial diastereoselectivity was not good enough and aldol
adduct 22a was obtained together with the corresponding 2,4-
anti-4,5-syn diastereomer (62:38 ratio). When the same
reaction conditions were employed on the enantiomeric
aldehyde ent-9, the matched aldol product 22b was obtained
in good yield and 94 % ds. On the other hand, when we tried
the SnII mediated mismatched aldol reaction between ketone
8 and aldehyde 9,[33] aldol 22a was obtained in excellent yield
and 97 % ds. It should be noted that the use of commercially
available Sn(OTf)2 for this reaction led to 0 % yield,[34] only
after washing the purchased material several times with dry
diethyl ether did the reaction proceed with the given results.
In any case both aldol products 22a and 22b were obtained as
single diastereomers after column chromatography. This
matched/mismatched behaviour of the substrates in the aldol
reaction enabled us to access the natural product employing
the adduct 22a and its C-20-epimer using 22b, which
constitutes also the correct configuration of the ebelactone A
side chain.


Continuing with the synthesis, aldols 22a ± b were protected
as the corresponding TBS ethers and subsequent debenzyla-
tion with hydrogen over Pd/C afforded �-hydroxy ketones
23a ±b (Scheme 6). The enantiomeric excess of these com-


Scheme 6. Synthesis of allylic bromides 2a ± b. a) TBSOTf, 2,6-lutidine,
CH2Cl2, RT, 98% (22a), 99% (22b). b) H2, Pd/C, EtOH, RT, 95 % (23a),
98% (23b). c) DIBAL-H, CH2Cl2, �78 �C, 87% (5a), 86% (5b).
d) 1) (COCl)2, DMSO, EtN(iPr)2, CH2Cl2, �78�C; 2) Ph3P�C(CH3)CO2Et,
CH2Cl2, reflux, 79% (24a), 52 % (24b). e) DIBAL-H, CH2Cl2, �78 �C.
f) CBr4, PPh3, 2,6-lutidine, CH3CN, RT, 76% (2a), 81% (2b) over two
steps.


pounds was determined to be �96 % by the NMR analysis of
the corresponding Mosher esters. Reduction with DIBAL-H
in CH2Cl2 at low temperature yielded stereopentads 5a ± b
with excellent diastereoselectivities (de 91 % and 86 % for 5a
and 5b, respectively).[35] Subsequent Swern oxidation of the
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primary hydroxy group followed by a Wittig reaction with
Ph3P�C(CH3)CO2Et afforded the E isomers of �,�-unsatu-
rated esters 24a ± b as the only detectable products. No
oxidation of the secondary alcohol functionality could be
observed even though an excess of oxidative reagent was
applied. Because ester 24a is a known compound we could
confirm the proposed absolute configuration of this building
block by comparison with the data reported in the literatur-
e.[30a] Finally, DIBAL-H reduction of the ester moiety and
selective bromination[36] of the primary alcohol with CBr4/
PPh3 furnished the desired polypropionate fragment 2a ± b.
Notably, in this case, the bromination reaction had to be
carried out in the presence of one equivalent of a base such as
2,6-lutidine to prevent the generation of a significant amount
of the corresponding TBS-deprotected analogue.


Assembling of the synthetic intermediates and synthesis of
(�)-callystatin A and (�)-20-epi-callystatin A : In order to
build up the skeleton of the target compounds, allylic bromide
4b was converted into the corresponding tributylphosphoni-
um salt by treatment with PBu3 in acetonitrile. The Wittig
reaction of the salt with aldehyde 3 in the presence of KOtBu
afforded the Western part 25 of the target molecules in good
yield and as a single E isomer concerning the newly formed
double bond (Scheme 7). Deprotection of the TBDPS ether


Scheme 7. Synthesis of (�)-callystatin A and its C-20-epimer. a) PBu3,
CH3CN, RT. b) 3, KOtBu, toluene, 0 �C, 86 % over two steps. c) TBAF,
THF, RT. d) (COCl)2, DMSO, EtN(iPr)2, CH2Cl2, �78 �C, 91% over two
steps. e) 1, LiCH2S(O)CH3, toluene, �78 �C, 76% (26a), 73% (26b).
f) PCC, AcOH, 4 ä MS, C6H6, RT. g) HF ¥ pyridine, THF, RT, 72%
(callystatin A), 69% (20-epi-callystatin A). TBAF� tetrabutylammonium
fluoride, PCC�pyridinium chlorochromate.


took place smoothly employing TBAF in THF and Swern
oxidation yielded aldehyde 1 ready for the next Wittig
coupling reaction with the polypropionate fragments 2a ± b.


During the final assembly step the allyltributylphosphoni-
um salt derived from allylic bromide 2a failed to react with
aldehyde 1 under the conditions previously employed (KOtBu
in toluene at 0 �C). Nevertheless, the use of LiCH2S(O)CH3 as


base at lower temperature (�78 �C) instead enable the
coupling of both phosphonium salts derived from 2a and 2b
with aldehyde 1. The pentaenes 26a ± b were obtained in good
yield and again as single E-isomers concerning the newly
generated double bond. Treatment of these pentaenes with
PCC led to oxidation of the lactol moiety and the unprotected
hydroxy group in C1 and C17 position, respectively. Finally the
TBS ether was deprotected with HF/pyridine complex in THF
to obtain the natural (�)-callystatin A and its 20-epi analogue.
The spectroscopic data observed for our synthetic (�)-
callystatin A were identical in all respects with those reported
for the natural material (1H and 13C NMR, HRMS, [�]20


D and
IR).[1±3]


Conclusion


A concise and flexible asymmetric total synthesis of the
cytotoxic polyketide (�)-callystatin A has been achieved. The
key steps of this synthesis rely on the creation of all
stereogenic centres in the first stages by using the SAMP/
RAMP hydrazone alkylation protocol together with an
enantioselective biocatalytic reduction and a syn-selective
aldol protocol. We therefore achieved the first asymmetric
and non ex-chiral pool synthesis of this natural product. As
another interesting feature of this synthesis the two diene
systems have been built up using highly diastereoselective
Wittig and Horner ± Wadsworth ± Emmons reactions. While
optimising the reaction conditions for the diastereoselective
aldol reaction that was intended for the preparation of the
polypropionate chain of the target compound, efficient
conditions for the synthesis of an epimeric intermediate were
found. This intermediate was also employed in the reaction
sequence providing the previously unknown 20-epi analogue
of (�)-callystatin A. The overall yield of both the natural
product (18 %) and its C-20 epimer (17%, 13 steps for the
longest linear reaction sequence) is comparable or better as in
the previous reported syntheses.[3, 14±17]


Experimental Section


General methods : Solvents were purified and dried prior to use.
Tetrahydrofuran (THF), diethyl ether, benzene and toluene were freshly
distilled from sodium/benzophenone under argon. Dichloromethane,
acetonitrile, dimethylsulfoxide (DMSO), diisopropylamine, triethylamine,
diisopropylethylamine (DIPEA) and N-methyl-2-pyrrolidinone (NMP)
were distilled from CaH2 and stored under argon. Methanol was distilled
from magnesium methoxide. Diethyl ether and pentane for column
chromatography were distilled prior to use. Analytical glass-backed TLC
plates (silica gel 60 F254) and silica gel (400 ± 630 mesh) were purchased
from Merck. nBuLi was used as 1.5 ± 1.4� solution in hexane (Merck) and
titrated regularly with diphenylacetic acid before use. (S)- and (R)-1-
Amino-2-methoxymethylpyrrolidine,[37] hydrazones 13,[38] 20a ± b,[38] and
21,[39] benzyloxymethyl chloride (BOMCl)[40] and lactone 10[21b] were
prepared according to literature procedures. Reagents of commercial
quality were used from freshly opened containers unless otherwise stated.
Ozone was generated with Fischer Ozon apparatus M502, the flow of
oxygen is given in the reaction procedures. Melting points were measured
on a B¸chi apparatus and are uncorrected. Optical rotations were
measured using a Perkin-Elmer P241 polarimeter and solvents of Merck
UVASOL quality. Microanalyses were obtained with a CHN-O-RAPID
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elemental analyser. 1H and 13C NMR spectra were recorded on a Varian
Unity 500 (500 and 125 MHz, respectively), Varian Inova 400 (400 and
100 MHz, respectively) or Varian Gemini 300 (300 and 75 MHz, respec-
tively) in CDCl3 using tetramethylsilane as internal standard unless
otherwise noted. IR spectra were measured on Perkin-Elmer FT/IR 1750
and 1720X spectrophotometers as films or in CHCl3 solutions. Mass spectra
were obtained on a Varian MAT 212 or a Finigan MAT SSQ 7000, EI 70 eV
or CI 100 eV (relative intensities in parentheses). High resolution mass
spectra were measured on a Finigan MAT 95.


(2R,6R)-(�)-2-Chloromethyl-6-isopropoxy-3,6-dihydro-2H-2-pyran (11):
A 1� solution of DIBAL-H in CH2Cl2 (7.48 mL, 7.48 mmol) was slowly
added to a cold (�78 �C) solution of chlorolactone 10 (1.00 g, 6.80 mmol) in
CH2Cl2 (30 mL). After stirring for 30 min, the reaction was quenched with
1� HCl solution (20 mL) and the layers were separated. The aqueous layer
was extracted with CH2Cl2 (3� 15 mL) and the combined organic fractions
were dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The resulting oil was taken up in benzene (30 mL) and
isopropanol (1.56 mL, 20.41 mmol) and PPTS (25 mg) was added. The
mixture was heated under reflux for 3 h and quenched with water. The
mixture was extracted with CH2Cl2 (3� 20 mL) and the combined organic
fractions were dried over Na2SO4, filtered and the solvent was removed
under reduced pressure, affording lactol 11 after flash column chromatog-
raphy (Et2O/pentane 1:9) as a colourless oil (1.03 g, 79%). [�]20


D ��19.1
(c� 1.4, CHCl3); 1H NMR (400 MHz): �� 1.18 (d, J� 6.0 Hz, 3H), 1.25 (d,
J� 6.0 Hz, 3H), 2.04 (dddd, J� 17.5, 5.4, 3.9, 1.5 Hz, 1H), 2.13 (ddtd, J�
17.5, 10.7, 2.5, 1.5 Hz, 1 H), 3.59 (d, J� 5.5 Hz, 2H), 4.07 (sept, J� 6.2 Hz,
1H), 4.18 (dtd, J� 10.7, 5.3, 3.9 Hz, 1H), 5.13 (dd, J� 1.5, 1.3 Hz, 1H), 5.74
(dtd, J� 10.0, 2.9, 1.5 Hz, 1H), 5.98 (dddd, J� 10.0, 5.6, 2.3, 1.3 Hz, 1H);
13C NMR (100 MHz): �� 21.80, 23.76, 27.97, 46.98, 66.17, 69.35, 92.91,
126.12, 127.58; IR (film): �� � 2971, 2928, 2901, 1660, 1466, 1428, 1402, 1382,
1318, 1260, 1230, 1183, 1141, 1126, 1101, 1066, 1035, 1017, 977, 956, 931, 897,
874, 856, 841, 815, 797, 742, 717, 686, 636, 578, 506, 492 cm�1; MS (CI, 100 eV,
isobutane): m/z (%): 193 (15), 191 (47) [M��H], 133 (34), 131 (100);
elemental analysis calcd (%) for C9H15ClO2: C 56.69, H 7.93; found: C
56.55; H 7.85.


(2R,6R)-(�)-(6-Isopropoxy-3,6-dihydro-2H-6-pyran-2-yl)methanol (12):
Tetrabutylammonium acetate (2.28 g, 17.15 mmol) was placed in a flask
under argon and a solution of the chlorolactol 11 (1.31 g, 6.86 mmol) in
NMP (10 mL) was added. The mixture was heated to 85 �C for 3 h, cooled
to RT and water (30 mL) was added. The mixture was extracted with Et2O
(3� 25 mL) and the combined organic fractions were dried over Na2SO4,
filtered and the solvent was removed under reduced pressure, affording the
desired acetoxylactol after flash column chromatography purification
(Et2O/pentane 1:2) as a colourless oil (1.31 g, 89%). [�]20


D ��31.7 (c�
1.4, CHCl3); 1H NMR (300 MHz): �� 1.18 (d, J� 6.3 Hz, 3H), 1.25 (d, J�
6.3 Hz, 3H), 1.94 (m, 1 H), 2.06 (m, 1H), 2.09 (s, 3H), 4.02 (sept, J� 6.3 Hz,
1H), 4.16 (m, 2 H), 4.20 (m, 1H), 5.11 (dd, J� 1.5, 1.1 Hz, 1 H), 5.75 (dtd,
J� 10.2, 2.7, 1.5 Hz, 1 H), 5.99 (dddd, J� 10.2, 5.8, 1.9, 1.1 Hz, 1H);
13C NMR (75 MHz): �� 20.83, 22.11, 23.68, 26.47, 64.42, 66.27, 69.83, 93.14,
126.15, 127.76, 170.88; IR (film): �� � 3046, 2971, 2930, 2899, 1743, 1659,
1455, 1429, 1407, 1369, 1318, 1285, 1238, 1184, 1127, 1096, 1042, 1032, 978,
961, 933, 915, 862, 845, 826, 802, 719, 646, 607, 513, 472 cm�1; MS (EI,
70 eV): m/z (%): 213 (0.6) [M��H], 155 (86), 141 (21), 112 (19), 95 (100),
81 (9), 70 (23), 67 (20); elemental analysis calcd (%) for C11H18O4: C 61.66,
H 8.47; found: C 61.53, H 8.31.


The acetoxylactol (1.30 g, 6.07 mmol) was dissolved in dry methanol
(15 mL) and K2CO3 (420 mg, 3.04 mmol) was added in one portion. After
stirring for 30 min at RT the solvent was removed under reduced pressure
and the residue was taken up in water (10 mL) and CH2Cl2 (10 mL). The
layers were separated, the aqueous phase was extracted with CH2Cl2 (3�
25 mL) and the combined organic fractions were dried over Na2SO4,
filtered and the solvent was removed under reduced pressure, affording the
hydroxylactol 12 after flash column chromatography (Et2O/pentane 1:1) as
a white solid (1.01 g, 97%). M.p. 39 ± 42 �C; [�]20


D ��36.5 (c� 0.3, CHCl3);
1H NMR (400 MHz): �� 1.18 (d, J� 6.0 Hz, 3 H), 1.25 (d, J� 6.3 Hz, 3H),
1.89 (dddd, J� 17.6, 5.8, 3.3, 1.4 Hz, 1H), 2.15 (dddt, J� 17.6, 11.3, 2.5,
1.9 Hz, 1 H), 2.21 (br s, 1H), 3.60 (dd, J� 11.5, 6.0 Hz, 1 H), 3.72 (dd, J�
11.5, 3.2 Hz, 1H), 4.00 (sept, J� 6.2 Hz, 1H), 4.07 (m, 1H), 5.11 (m, 1H),
5.73 (dtd, J� 10.0, 3.0, 1.5 Hz, 1H), 5.99 (dddd, J� 10.0, 5.6, 1.4, 1.4 Hz,
1H); 13C NMR (100 MHz): �� 21.91, 23.78, 25.98, 65.17, 66.61, 69.41, 92.66,
125.75, 127.99; IR (film): �� � 3447, 3044, 2971, 2927, 2889, 1658, 1466, 1425,


1402, 1382, 1318, 1242, 1138, 1126, 1104, 1039, 1017, 976, 954, 931, 906, 846,
825, 794, 719, 633, 508 cm�1; MS (CI, 100 eV, isobutane): m/z (%): 173 (42)
[M��H], 114 (7), 113 (100); elemental analysis calcd (%) for C9H16O3: C
62.77, H 9.36; found: C 62.63, H 9.08.


(2R,6R)-6-Isopropoxy-3,6-dihydro-2H-pyran-2-carbaldehyde (3): Oxalyl
chloride (0.57 mL, 6.52 mmol) was added at �78 �C to a solution of
DMSO (0.92 mL, 13.04 mmol) in dry CH2Cl2 (20 mL). After stirring for
10 min, a solution of the alcohol 12 (1.02 g, 5.93 mmol) in CH2Cl2 (15 mL)
was carefully added and the mixture was stirred for an additional 15 min.
DIPEA (5.16 mL, 29.65 mmol) was added at once and, after 10 min, it was
allowed to reach RT and quenched with water (30 mL). The organic layer
was separated and the aqueous phase was extracted with Et2O (3� 25 mL).
The combined organic fractions were dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The obtained oil was
dissolved in Et2O and filtered through a short path of silica gel, eluting with
Et2O/pentane 1:1, and afforded crude aldehyde 3 as a yellowish oil, which
was used directly in the next step without further purification (0.96 g,
95%). 1H NMR (400 MHz): �� 1.20 (d, J� 6.2 Hz, 3 H), 1.25 (d, J� 6.2 Hz,
3H), 2.11 ± 2.27 (m, 2 H), 4.06 (sept, J� 6.2 Hz, 1 H), 4.41 (dd, J� 11.3,
4.7 Hz, 1 H), 5.21 (m, 1H), 5.75 (dtd, J� 10.2, 2.9, 1.7 Hz, 1H), 6.02 (m,
1H), 9.73 (s, 1 H); 13C NMR (100 MHz): �� 21.94, 23.73, 24.88, 70.06, 70.95,
92.92, 126.32, 126.64, 200.78.


4-(tert-Butyldimethylsilyloxy)butanal : 1,4-Butanediol (720 mg, 8.09 mmol)
was slowly added to a suspension of NaH (194 mg, 8.09 mmol) in dry THF
(50 mL) at 0 �C. After stirring for 1 h at this temperature and for 2 h at RT,
the mixture was cooled down to 0 �C and TBSCl (1.17 g, 8.09 mmol) was
added at once. The mixture was stirred at RT for 2 h and quenched with
water (20 mL). The obtained oil was dissolved in dry CH2Cl2 (10 mL) and
added to a cold (�78 �C) solution of Swern reagent (prepared by addition
of oxalyl chloride (0.78 mL, 8.90 mmol) to a solution of DMSO (1.26 mL,
17.79 mmol) in dry CH2Cl2 (50 mL) at �78 �C followed by 30 min stirring at
this temperature). The mixture was stirred for 1 h and Et3N (6.23 mL,
44.48 mmol) was added at once. After stirring for 30 min at �78 �C the
mixture was allowed to reach to RT, stirred for further 30 min and
quenched with water (20 mL). The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 25 mL). The combined
organic fractions were dried over Na2SO4, filtered and the solvent was
removed under reduced pressure, affording the pure aldehyde after flash
column chromatography (Et2O/pentane 1:3) as a colourless oil (1.45 g, 89%
yield over two steps). 1H NMR (400 MHz): �� 0.04 (s, 6 H), 0.89 (s, 9H),
1.87 (m, 2 H), 2.51 (dt, J� 7.2, 1.6 Hz, 2H), 3.66 (t, J� 6.0 Hz, 2 H), 9.79 (t,
J� 1.9 Hz, 1 H); 13C NMR (100 MHz): ���5.41, 18.25, 25.47, 25.85, 40.72,
61.98, 202.26; IR (film): �� � 2930, 2887, 2857, 2716, 1727, 1472, 1440, 1410,
1389, 1361, 1255, 1099, 1017, 980, 939, 836, 810, 777, 663 cm�1; MS (EI,
70 eV): m/z (%): 145 (75) [M��C4H9], 127 (11), 115 (12), 89 (6), 75 (100),
59 (9), 45 (5).


4-(tert-Butyldiphenylsilyloxy)butanal : The same procedure as described
for the previous aldehyde using 1,4-butanediol (3.50 g, 38.83 mmol), NaH
(0.93g, 38.83 mmol) TBDPSCl (10.67 g, 38.83 mmol), oxalyl chloride
(3.74 mL, 42.72 mmol), DMSO (6.06 mL, 85.44 mmol) and Et3N
(27.1 mL, 194.15 mmol) afforded the aldehyde as a colourless oil (12.10 g,
95%). 1H NMR (400 MHz): �� 1.05 (s, 9H), 1.89 (m, 2 H), 2.54 (dt, J� 7.1,
1.5 Hz, 2 H), 3.69 (t, J� 7.1 Hz, 2H), 7.35 ± 7.45 (m, 6H), 7.63 ± 7.68 (m, 4H),
9.78 (t, J� 1.5 Hz, 1H); 13C NMR (100 MHz): �� 19.14, 25.19, 26.77, 40.67,
62.81, 127.49, 129.47, 133.36, 135.15, 202.13; IR (film): �� � 3070, 3049, 2955,
2931, 2890, 2858, 2720, 1726, 1471, 1428, 1390, 1110, 1012, 823, 739, 704, 613,
506 cm�1; MS (EI, 70 eV): m/z (%): 269 (100) [M��C4H9], 227 (6), 199
(72), 191 (20), 181 (15), 161 (11), 139 (34), 131 (19), 129 (12), 105 (19).


(S)-(�)-1�-(4-tert-Butyldimethylsilyloxy-1-butylidenamino)-2�-(methoxy-
methyl)pyrrolidine (15a): SAMP (0.65 g, 4.95 mmol) was added to 4-tert-
butyldimethylsilyloxybutanal (1.00 g, 4.95 mmol) at 0 �C and the mixture
was stirred for 3 h at RT. Et2O (10 mL) and Na2SO4 were added and the
mixture was stirred for a further 30 min. After filtration and removal of the
solvent under reduced pressure, pure hydrazone 15a was obtained after
flash column chromatography (Et2O/pentane 1:1�3% Et3N) as a colour-
less oil. (1.34 g, 86 %). [�]20


D ��34.9 (c� 0.9, CHCl3); 1H NMR (400 MHz):
�� 0.05 (s, 6H), 0.89 (s, 9H), 1.21 (t, J� 7.1 Hz, 2H), 1.70 (m, 2 H), 1.92 (m,
2H), 2.27 (m, 2H), 2.74 (q, J� 8.5 Hz, 1 H), 3.27 (m, 1H), 3.37 (s, 3H), 3.43
(m, 1 H), 3.49 (q, J� 7.1, 1 H), 3.56 (dd, J� 8.8, 3.6 Hz, 1 H), 3.65 (t, J�
6.3 Hz, 2H), 6.65 (t, J� 5.5 Hz, 1 H); 13C NMR (100 MHz): ���5.26,
18.34, 22.13, 25.95, 26.56, 29.56, 30.84, 50.33, 59.10, 62.58, 63.41, 74.74,
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138.40; IR (film): �� � 2953, 2928, 2886, 2856, 1471, 1462, 1387, 1361, 1255,
1196, 1099, 1006, 972, 836, 813, 776 cm�1; MS (EI, 70 eV): m/z (%): 314 (11)
[M�], 269 (100), 106 (6), 101 (5), 89 (6), 73 (28), 70 (10), 59 (10); 45 (9);
elemental analysis calcd (%) for C16H34N2O2Si: C 61.10, H 10.90, N 8.91;
found: C 61.01, H 11.11, N 9.16.


(S)-(�)-1�-(4-tert-Butyldiphenylsilyloxy-1-butylidenamino)-2�-(methoxy-
methyl)pyrrolidine (15b): The same procedure as described for the
previous hydrazone using SAMP (2.22 g, 17.07 mmol), and 4-tert-butyldi-
phenylsilyloxybutanal (5.60 g, 17.07 mmol) afforded 15b as a colourless oil
(7.13 g, 95 %). [�]20


D ��69.4 (c� 0.8, CHCl3); 1H NMR (400 MHz): �� 1.06
(s, 9H), 1.72 ± 1.96 (m, 6H), 2.33 (q, J� 7.1 Hz, 2 H), 2.54 (dq, J� 7.1, 2.5 Hz,
1H), 2.68 (q, J� 8.2 Hz, 1H), 3.21 (m, 1 H), 3.36 (s, 3H), 3.41 (m, 1H), 3.55
(dd, J� 8.2, 3.0 Hz, 1H), 3.71 (t, J� 6.3, 1H), 6.61 (t, J� 5.5 Hz, 1 H), 7.34 ±
7.43 (m, 6 H), 7.63 ± 7.70 (m, 4H); 13C NMR (100 MHz): �� 19.18, 22.11,
26.54, 26.82, 29.55, 30.66, 50.26, 59.09, 63.30, 63.35, 74.73, 127.39, 129.31,
133.76, 135.33, 138.29; IR (film): �� � 3070, 2930, 2891, 2858, 1472, 1462,
1428, 1196, 1111, 823, 740, 703, 688, 614, 506 cm�1; MS (EI, 70 eV): m/z (%):
438 (8) [M�], 393 (100), 197 (7), 168 (16), 135 (17), 70 (6), 45 (5); elemental
analysis calcd (%) for C26H38N2O2Si: C 71.19, H 8.73, N 6.39; found: C
71.08, H 8.70, N 6.27.


(2�S,2R)-(�)-1�-(4-tert-Butyldimethylsilyloxy-2-methyl-1-butylidenami-
no)-2�-(methoxymethyl)pyrrolidine (16a): A solution of the hydrazone 15a
(0.90 g, 3.19 mmol) in dry THF (15 mL) was added to a cooled (0 �C)
solution of LDA (0.38 g, 3.51 mmol) in THF (20mL). After stirring for 5 h,
the mixture was cooled down to �105 �C and a solution of MeI (0.22 mL,
3.51 mmol) in THF (10 mL) was slowly added. The mixture was stirred at
this temperature for 3 h, allowed to warm to RT and quenched with water
(20 mL). The organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (3� 15 mL). The combined organic fractions were
dried over Na2SO4, filtered and the solvent removed under reduced
pressure to afford the �-alkylated hydrazone 16a after flash column
chromatography (Et2O/pentane 1:5�3% Et3N) as a colourless oil (0.81 g,
85%). [�]20


D ��79.7 (c� 0.8, CHCl3); 1H NMR (400 MHz): �� 0.04 (s,
3H), 0.05 (s, 3 H), 0.90 (s, 9H), 1.06 (d, J� 6.9 Hz, 3 H), 1.55 (m, 1 H), 1.70
(m, 1 H), 1.75 ± 1.98 (m, 4 H), 2.45 (m, 1 H), 2.70 (m, 1 H), 3.31 (m, 2 H), 3.37
(s, 3 H), 3.42 (m, 1 H), 3.57 (dd, J� 9.1, 3.6 Hz, 1H), 3.66 (t, J� 6.6 Hz, 2H),
6.50 (d, J� 6.0 Hz, 1H); 13C NMR (100 MHz): ���5.25, �5.23, 18.31,
19.15, 22.01, 25.95, 26.52, 33.74, 38.31, 50.16, 59.08, 61.18, 63.35, 74.62,
143.20; IR (film): �� � 2955, 2929, 2859, 1463, 1386, 1254, 1197, 1101, 1005,
987, 898, 837, 810, 776, 898, 837, 810, 776 cm�1; MS (EI, 70 eV): m/z (%): 328
(18) [M�], 283 (100), 214 (6), 170 (5), 113 (7), 89 (16), 73 (25), 70 (14), 59
(5), 45 (5); elemental analysis calcd (%) for C17H36N2O2Si: C 62.14, H 11.04,
N 8.53; found: C 62.03, H 10.92, N 8.58.


(2�S,2R)-(�)-1�-(4-tert-Butyldiphenylsilyloxy-2-methyl-1-butylidenami-
no)-2�-(methoxymethyl)pyrrolidine (16b): The same procedure as descri-
bed for the previous alkylation using hydrazone 15b (3.0 g, 6.85 mmol),
LDA (0.81 g, 7.53 mmol) and MeI (0.45 mL, 7.53 mmol) afforded 16b as a
colourless oil (2.47 g, 80%). [�]20


D ��105.7 (c� 0.7, CHCl3); 1H NMR
(400 MHz): �� 1.03 (d, J� 6.9 Hz, 3 H), 1.05 (s, 9H), 1.61 (m, 2H), 1.68 ±
1.94 (m, 4 H), 2.54 (m, 2 H), 2.68 (m, 1H), 3.21 (m, 1H), 3.33 (s, 3H), 3.64
(m, 1 H), 3.55 (dd, J� 8.8, 3.3 Hz, 1H), 3.75 (m, 2H), 6.48 (d, J� 8.2 Hz,
1H), 7.34 (m, 6H), 7.68 (m, 4H); 13C NMR (100 MHz): �� 19.02, 19.21,
22.07, 26.65, 28.85, 33.77, 38.13, 50.15, 59.12, 62.01, 63.31, 74.60, 127.57,
129.33, 133.93, 135.45, 143.00; IR (film): �� � 2957, 2929, 2857, 1472, 1461,
1428, 1389, 1195, 1111, 998, 899, 823, 739, 703, 688, 614, 506 cm�1; MS (EI,
70eV): m/z (%): 452 (19) [M�], 407 (100), 197 (6), 183 (6), 175 (10), 135
(15), 70 (7); elemental analysis calcd (%) for C27H40N2O2Si: C 71.63, H 8.91,
N 6.19; found: C 71.73, H 8.82, N 6.23.


(R)-(�)-4-tert-Butyldimethylsilyloxy-1-methylbutanal (7a): Hydrazone
16a (3.17 g, 10.71 mmol) was dissolved in CH2Cl2 and the solution was
cooled to �78 �C. Ozone (60 Lh�1) was bubbled through the solution until
persistent blue colour was observed and then argon was bubbled until the
blue colour disappeared. The solution was allowed to warm to RT and the
solvent was removed under reduced pressure. Pure aldehyde 7a (1.99 g,
86%) was obtained after flash column chromatography (Et2O/pentane
1:2). [�]20


D ��17.6 (c� 0.5, CHCl3); 1H NMR (400 MHz): �� 0.04 (s, 6H),
0.89 (s, 9H), 1.12 (d, J� 7.1 Hz, 3 H), 1.54 (m, 1 H), 1.96 (m, 1 H), 2.52 (m,
1H), 3.64 ± 3.78 (m, 2H), 9.65 (d, J� 1.9 Hz, 1 H); 13C NMR (100 MHz):
���5.45, 13.07, 18.24, 25.84, 33.66, 43.48, 60.15, 204.59; IR (film): �� �
2955, 2931, 2885, 2858, 1728, 1709, 1471, 1388, 1256, 1103, 836, 811, 777,
734 cm�1; MS (EI, 70 eV): m/z (%): 201 (1) [M��CH3], 159 (100), 141


(15), 129 (39), 89 (17), 75 (94), 73 (17), 59 (11); elemental analysis calcd (%)
for C11H24O2Si: C 61.05, H 11.18; found: C 60.98, H 11.17.


(R)-(�)-4-tert-Butyldiphenylsilyloxy-1-methylbutanal (7b): The same pro-
cedure as described for the previous ozonolysis using hydrazone 16b
(2.16 g, 4.78 mmol) afforded 7b as a colourless oil (1.15 g, 77 %). [�]20


D �
�29.5 (c� 0.3, CHCl3); 1H NMR (400 MHz): �� 1.04 (s, 9 H), 1.08 (d, J�
6.8 Hz, 3 H), 1.63 (m, 1 H), 1.98 (m, 1 H), 2.53 (m, 1 H), 3.71 (m, 2H), 7.36
(m, 6H), 7.62 (m, 4H), 9.67 (d, J� 1.7 Hz, 1 H); 13C NMR (100 MHz): ��
13.12, 19.21, 26.77, 33.44, 43.44, 61.02, 127.56, 129.46, 133.36, 135.39, 204.54;
IR (film): �� � 2959, 2931, 2858, 1728, 1708, 1472, 1462, 1428, 1112, 1006, 998,
823, 738, 703, 688, 614, 505 cm�1; MS (EI, 70 eV): m/z (%): 325 (3) [M��
CH3], 294 (11), 283 (100), 253 (15), 227 (11), 205 (51), 199 (93), 183 (19), 181
(20), 175 (43), 139 (25), 135 (11), 105 (12); elemental analysis calcd (%) for
C21H28O2Si: C 74.07, H 8.29; found: C 73.94, H 8.23.


Ethyl di-(2-methoxyphenyl)phosphonobutyrate (17b): Phosphorus penta-
chloride (50.4 g, 240 mmol) was added in portions to triethyl 2-phospho-
nobutyrate (24.1 g, 95 mmol) at RT. After stirring for 15 min at this
temperature the mixture was heated to 75 �C in a distillation apparatus for
8 h. After cooling to RT the flask with the crude product was connected
with a receiver flask which was cooled with liquid nitrogen and POCl3 was
vacuum transferred at RT. After 30 min maintaining this temperature the
flask was heated to 100 �C and surplus PCl5 was vacuum transferred to the
receiver flask. After 1 h the receiver flask was disconnected and the
yellowish oil (21.7 g) was used in the next steps without further purification.
1H NMR (300 MHz): �� 1.11 (td, J� 7.4, 1.4 Hz, 3H), 1.33 (t, J� 7.1 Hz,
3H), 2.18 (m, 2 H), 3.50 (ddd, J� 17.6, 9.4, 5.3 Hz, 1 H), 4.31 (m, 2H);
13C NMR (75 MHz): �� 12.56 (d, J� 6.9 Hz), 14.02, 21.38 (d, J� 5.1 Hz),
60.19 (d, J� 90.5 Hz), 62.64, 165.79 (d, J� 3.5 Hz).


Triethylamine (30 mL) were added at 0 �C to a solution of the crude
dichloride (19.2 g) and guajacol (27.9 g, 225 mmol) in benzene (120 mL).
After stirring for 1.5 h at this temperature and an additional 1.5 h at RT the
solution was filtered, diluted with diethyl ether (80 mL) and washed with
1� NaOH solution (3� 15 mL). After washing with pH 7 buffer (1�
15 mL) and brine (1� 15 mL) the organic phase was dried over Na2SO4.
After filtration and evaporation of the solvent under reduced pressure the
pure phosphonate (15.5 g, 45%) was obtained after flash chromatography
(Et2O/petroleum ether 1:2). 1H NMR (300 MHz): �� 1.09 (td, J� 7.3,
1.1 Hz, 3H), 1.25 (t, J� 7.0 Hz, 3 H), 2.26 (m, 2 H), 3.34 (ddd, J� 23.4, 9.3,
5.2 Hz, 1 H), 3.77 (s, 3 H), 3.79 (s, 3H), 4.23 (q, J� 7.0 Hz, 2 H), 6.81 ± 7.25
(m, 8 H); 13C NMR (75 MHz): �� 13.09 (d, J� 17.2 Hz), 14.09, 20.86 (d, J�
5.7 Hz), 48.18 (d, J� 135.1 Hz), 55.88, 55.90, 61.48, 112.76, 120.69, 125.81,
122.07 (d, J� 5.7 Hz), 122.18 (d, J� 5.7 Hz), 139.60 (d, J� 9.1 Hz), 139.72
(d, J� 9.1 Hz), 150.83 (d, J� 4.6 Hz), 150.86 (d, J� 4.6 Hz), 168.49 (d, J�
4.6 Hz); IR (film): �� � 2976, 2939, 2879, 1735, 1604, 1589, 1504, 1458, 1263,
1210, 1197, 1170, 1112, 1043, 1026, 946, 800, 754 cm�1; MS (EI, 70 eV): m/z
(%): 409 (12) [M��H], 408 (61) [M�], 363 (20), 293 (9), 286 (14), 285 (100)
[M��C7H7O2], 257 (29), 239 (24), 215 (35), 211 (10), 187 (95), 172 (26), 138
(13), 124 (23), 123 (9), 109 (13), 77 (13); HRMS: calcd for [C20H25PO7]�:
408.1338; found: 408.1337.


(3Z,5R)-(�)-7-tert-Butyldimethylsilyloxy-3-ethoxycarbonyl-5-methyl-
hept-3-ene (18a): A solution of the phosphonate 17b (319 mg, 0.78 mmol)
in dry THF (5 mL) was added over a cooled (0 �C) suspension of NaH
(32 mg, 0.78 mmol) in THF (5 mL). After stirring for 3 h at this temper-
ature, a solution of the aldehyde 7a (130 mg, 0.60 mmol) in THF (5 mL)
was added at once and the reaction was stirred for 1 h at 0 �C, allowed to
warm to RT and quenched with water (15 mL) when TLC analysis of
aliquots indicated full conversion (typically 4 ± 5 h). The organic layer was
separated and the aqueous layer was extracted with CH2Cl2 (3� 10 mL).
The combined organic fractions were dried over Na2SO4, filtered and the
solvent removed under reduced pressure to afford the �,�-unsaturated
ester after flash column chromatography (Et2O/pentane 1:2) as a colourless
oil (160 mg, 85%). [�]20


D ��21.4 (c� 0.3, CHCl3); 1H NMR (400 MHz):
�� 0.03 (s, 6 H), 0.89 (s, 9 H), 1.00 (d, J� 6.4 Hz, 3H), 1.03 (t, J� 7.4 Hz,
3H), 1.24 (t, J� 7.1 Hz, 3H), 1.45 ± 1.63 (m, 2 H), 2.25 (dq, J� 1.1, 7.4 Hz,
2H), 3.06 (m, 1H), 3.58 (t, J� 6.9 Hz, 2H), 4.19 (q, J� 7.1 Hz, 2 H), 5.58 (dt,
J� 10.2, 1.4 Hz, 1H); 13C NMR (100 MHz): ���5.33, �5.31, 13.66, 14.25,
18.29, 20.78, 25.91, 27.58, 30.35, 40.34, 59.91, 61.52, 132.52, 144.78, 168.09; IR
(film): �� � 2957, 2929, 2898, 2857, 1717, 1471, 1463, 1380, 1254, 1237, 1203,
1161, 1138, 1098, 1028, 1006, 902, 837, 811, 776 cm�1; MS (EI, 70 eV): m/z
(%): 299 (3) [M��CH3], 269 (10), 257 (100), 211 (12), 133 (9), 109 (28), 103
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(15), 95 (13), 75 (27), 73 (18), 59 (15), 57 (14), 55 (13); elemental analysis
calcd (%) for C17H34O3Si: C 64.92, H 10.90; found: C 64.84, H 11.17.


(3Z,5R)-(�)-7-tert-Butyldiphenylsilyloxy-3-ethoxycarbonyl-5-methylhept-
3-ene (18b): The same procedure as described previously using aldehyde
7b (300 mg, 0.96 mmol), phosphonate 17b (471 mg, 1.15 mmol) and NaH
(28 mg, 1.15 mmol) afforded 18b as a colourless oil (418 mg, 91%). [�]20


D �
�23.6 (c� 0.4, CHCl3); 1H NMR (400 MHz): �� 0.95 (d, J� 5.8 Hz, 3H),
0.99 (t, J� 6.2 Hz, 3H), 1.03 (s, 9 H), 1.23 (t, J� 7.1 Hz, 3 H), 1.51 ± 1.73 (m,
2H), 2.24 (m, 2 H), 3.15 (m, 1 H), 3.62 (m, 2 H), 4.15 (q, J� 7.1 Hz, 2 H), 5.52
(dt, J� 9.9, 1.4 Hz, 1H), 7.48 (m, 6H), 7.65 (m, 4 H); 13C NMR (100 MHz):
�� 13.65, 14.42, 19.18, 20.76, 26.87, 27.61, 30.34, 40.10, 59.97, 62.20, 127.49,
129.37, 132.59, 133.88, 135.38, 144.80, 168.06; IR (film): �� � 3071, 2961, 2931,
2897, 2858, 1715, 1472, 1462, 1428, 1388, 1237, 1203, 1161, 1137, 1110, 1028,
823, 793, 739, 704, 614, 506 cm�1; MS (EI, 70 eV): m/z (%): 393 (5) [M��
C2H5O], 381 (100), 231 (5), 227 (13), 199 (15), 183 (13), 135 (5), 109 (4);
elemental analysis calcd (%) for C27H38O3Si: C 73.92, H 8.73; found: C
74.11, H 8.66.


(3Z,5R)-(�)-7-tert-Butyldimethylsilyloxy-3-hydroxymethyl-5-methylhept-
3-ene (19a): A 1� solution of DIBAL-H in CH2Cl2 (0.86 mL, 0.86 mmol)
was slowly added to a cold (�78 �C) solution of the �,�-unsaturated ester
18a (110 mg, 0.35 mmol) in CH2Cl2 (10 mL). After stirring for 30 min, the
reaction was quenched with 1� HCl solution (20 mL) and the layers were
separated. The aqueous layer was extracted with CH2Cl2 (3� 5 mL) and
the combined organic fractions were dried over Na2SO4, filtered and the
solvent was removed under reduced pressure, affording allylic alcohol 19a
after flash column chromatography (Et2O/pentane 1:2) as a colourless oil
(83 mg, 95%). GC analysis on chiral stationary phase (chirasil-dex 25 m),
showed an ee of �98% for 19a (tR � 36.75 and 37.12 min for the R and S
enantiomers, respectively). [�]20


D ��51.8 (c� 0.6, CHCl3); 1H NMR
(400 MHz): �� 0.07 (s, 3H), 0.09 (s, 3 H), 0.90 (s, 9H), 0.97 (d, J� 6.6 Hz,
3H), 1.04 (t, J� 7.4 Hz, 3H), 1.24 (m, 1H), 1.65 (m, 1 H), 2.11 ± 2.25 (m,
2H), 2.73 ± 2.85 (m, 1 H), 3.56 ± 3.67 (m, 2H), 3.72 ± 3.82 (m, 2 H), 4.29 (d,
J� 11.8 Hz, 1 H), 4.94 (dd, J� 10.4, 0.6 Hz, 1H); 13C NMR (100 MHz): ��
�5.31, �5.01, 12.97, 18.29, 21.91, 25.86, 27.97, 28.82, 40.19, 60.35, 61.02,
131.82, 140.72; IR (film): �� � 3406, 2957, 2858, 1472, 1463, 1389, 1362, 1256,
1095, 1018, 986, 955, 899, 873, 836, 810, 776, 662 cm�1; MS (EI, 70 eV): m/z
(%): 272 (1) [M�], 215 (5), 197 (5), 145 (16), 123 (95), 105 (74), 97 (15), 95
(18), 81 (91), 75 (100), 73 (24), 67 (20), 57 (26), 55 (23); elemental analysis
calcd (%) for C15H32O2Si: C 66.11, H 11.84; found: C 65.94, H 11.89.


(3Z,5R)-(�)-7-tert-Butyldiphenylsilyloxy-3-hydroxymethyl-5-methylhept-
3-ene (19b): The same procedure as described previously using �,�-
unsaturated ester 18b (444 mg, 1.08 mmol) and 1� DIBAL-H solution
(2.71 mL, 2.71 mmol) afforded 19b as a colourless oil (412 mg, 96%). GC
analysis on chiral stationary phase (chirasil-dex 25 m) showed an ee of
�98 % for 19e (tR � 36.53 and 36.91 min for the R and S enantiomers,
respectively). [�]20


D ��12.9 (c� 0.5, CHCl3); 1H NMR (400 MHz): �� 0.92
(d, J� 6.6 Hz, 3H), 1.02 (t, J� 7.4 Hz, 3 H), 1.07 (s, 9 H), 1.22 (m, 1 H), 1.53
(m, 1H), 2.01 (br s, 1H), 2.14 (qt J� 7.4, 1.6 Hz, 2H), 2.81 (m, 1 H), 3.58 ±
3.70 (m, 2H), 3.97 (d, J� 11.8 Hz, 1H), 4.24 (d, J� 12.4 Hz, 1 H), 4.95 (d,
J� 10.2 Hz, 1H), 7.35 ± 7.45 (m, 6 H), 7.63 ± 7.69 (m, 4H); 13C NMR
(100 MHz): �� 12.96, 19.11, 21.82, 26.85, 28.10, 28.31, 39.93, 60.53, 61.99,
127.45, 127.46, 129.44, 129.50, 132.41, 133.39, 133.58, 135.33, 135.43, 139.96;
IR (film): �� � 3405, 3070, 2959, 2930, 2859, 1471, 1428, 1111, 1011, 823, 738,
703, 614, 506 cm�1; MS (EI, 70 eV): m/z (%): 397 (1) [M�], 339 (7), 269 (8),
229 (13), 211 (5), 199 (100), 181 (7), 139 (7), 137 (6), 123 (74), 81 (28), 67 (6),
57 (8), 55 (7); elemental analysis calcd (%) for C25H36O2Si: C 75.70, H 9.15;
found: C 75.67, H 9.08.


(3Z,5R)-(�)-3-Bromomethyl-7-tert-butyldimethylsilyloxy-5-methylhept-
3-ene (4a): PPh3 (287 mg, 1.09 mmol) and CBr4 (363 mg, 1.09 mmol) were
sequentially added to a solution of allylic alcohol 19a (118 mg, 0.47 mmol)
in CH3CN (10 mL) at RT. After stirring for 30 min the mixture was
quenched with water (10 mL) and extracted with pentane (5� 10 mL). The
combined organic fractions were dried over Na2SO4, filtered and the
solvent was removed under reduced pressure, affording allylic bromide 4a
after flash column chromatography (pentane) as a colourless oil (7.4 mg,
5%). [�]20


D ��23.1 (c� 0.1, CHCl3); 1H NMR (400 MHz): �� 0.07 (s, 3H),
0.09 (s, 3H), 0.90 (s, 9H), 0.98 (d, J� 6.6 Hz, 3 H), 1.01 (t, J� 7.4 Hz, 3H),
1.73 (m, 1H), 1.86 (m, 1H), 2.11 (dq, J� 7.1, 1.1 Hz, 2 H), 2.67 (m, 1 H), 3.28
(m, 1 H), 3.39 (m, 1H), 4.15 (dd, J� 11.5, 0.6 Hz, 1 H), 4.22 (dd, J� 11.8,
0.8 Hz, 1H), 4.87 (dt, J� 10.1, 0.5 Hz, 1H); 13C NMR (100 MHz): ��
�5.33, �5.28, 12.88, 18.30, 21.22, 25.91, 27.31, 30.55, 32.24, 40.45, 60.65,


129.36, 140.82; IR (film): �� � 2958, 2930, 2857, 1462, 1255, 1068, 839,
775 cm�1; MS (EI, 70 eV): m/z (%): 307 (1), 279 (10), 277 (10), 123 (100), 95
(11), 81 (43), 75 (32), 73 (22), 69 (29), 59 (18), 55 (14), 45 (13); elemental
analysis calcd (%) for C15H31BrOSi: C 53.72, H 9.32; found: C 53.78, H 9.28.


(3Z,5R)-(�)-3-Bromomethyl-7-tert-butyldiphenylsilyloxy-5-methylhept-3-
ene (4b): The same procedure as previously described using �,�-
unsaturated ester 19b (37 mg, 0.093 mmol), PPh3 (61 mg, 0.21 mmol) and
CBr4 (77 mg, 0.21 mmol) afforded 4b as a colourless oil (41 mg, 95%).
[�]20


D ��51.6 (c� 0.7, CHCl3); 1H NMR (400 MHz): �� 0.96 (d, J� 6.6 Hz,
3H), 1.01 (t, J� 7.4 Hz, 3H), 1.06 (s, 9H), 1.44 (m, 1 H), 1.60 (m, 1H), 2.15
(dq, J� 7.1, 1.1 Hz, 2 H), 2.71 (m, 1H), 3.62 (dt, J� 5.8, 1.4 Hz, 2 H), 3.88 (d,
J� 9.9 Hz, 1H), 4.12 (d, J� 9.6 Hz, 1 H), 5.08 (dt, J� 9.9, 0.6 Hz, 1H),
7.34 ± 7.44 (m, 6H), 7.66 (m, 4 H); 13C NMR (100 MHz): �� 12.55, 19.14,
20.66, 26.84, 27.94, 28.88, 31.08, 39.83, 61.79, 127.39, 129.34, 133.74, 135.33,
135.71, 135.92; IR (film): �� � 2960, 2930, 2858, 1471, 1460, 1428, 1205, 1110,
823, 737, 703 cm�1; MS (EI, 70 eV): m/z (%): 403 (10), 401 (10), 263 (26),
261 (25), 199 (12), 197 (11), 183 (10), 181 (9), 135 (11), 123 (100), 97 (10), 95
(11), 81 (36), 67 (10); elemental analysis calcd (%) for C25H35BrOSi: C
65.34, H 7.68; found: C 65.43, H 7.71.


(R)-(�)-1-Benzyloxy-2-methylpentan-3-one (8): A solution of the hydra-
zone 21 (397 mg, 2.00 mmol) in dry Et2O (5 mL) was added to a cooled
(0 �C) solution of LDA (235 mg, 2.20 mmol) in Et2O (7 mL). After stirring
for 5 h, the mixture was cooled down to �105 �C and a solution of BOMCl
(375 mg, 2.40 mmol) in Et2O (10 mL) was slowly added. The mixture was
stirred at this temperature for 3 h, allowed to warm to RT and quenched
with water (20 mL). The organic layer was separated and the aqueous layer
was extracted with Et2O (3� 15mL). The combined organic fractions were
dried over Na2SO4, filtered and the solvent removed under reduced
pressure, to afford the �-alkylated hydrazone after flash column chroma-
tography (Et2O/pentane 1:2�3% Et3N) as a colourless oil (522 mg, 82%).
[�]20


D ��114.6 (c� 1.0, CHCl3); 1H NMR (500 MHz, C6D6): �� 0.88 (d,
J� 7.1 Hz, 3H), 1.23 (t, J� 7.3 Hz, 3 H), 1.58 ± 1.79 (m, 3H), 2.02 (m, 1H),
2.13 (dq, J� 13.5, 7.3 Hz, 2H), 2.53 (m, 1H), 2.94 (m, 1H), 3.13 (s, 3H),
3.18 ± 3.57 (m, 5H), 3.98 (m, 1 H), 4.27 (d, J� 12.1 Hz, 1H), 4.37 (d, J�
12.1 Hz, 1H), 7.05 ± 7.33 (m, 5H); 13C NMR (125 MHz, C6D6): �� 11.35,
14.60, 22.35, 24.53, 27.59, 34.96, 55.90, 58.81, 66.76, 72.70, 72.79, 76.26,
126.82, 127.62, 128.52, 139.20, 173.08; IR (film): �� � 2970, 2932, 2873, 2732,
2066, 1950, 1872, 1808, 1716, 1631, 1587, 1496, 1455, 1375, 1361, 1280, 1252,
1201, 1184, 1100, 1049, 1028, 995, 970, 914, 737, 698, 608, 533, 463 cm�1; MS
(EI, 70 eV): m/z (%): 318 (7) [M�], 273 (96), 227 (8), 98 (9), 91 (100), 70
(11), 56 (9); elemental analysis calcd (%) for C19H30N2O2: C 71.66, H 9.50,
N 8.80; found: C 71.89, H 9.40, N 8.34.


The above �-alkylated hydrazone (485 mg, 1.52 mmol) was dissolved in
CH2Cl2 and the solution was cooled to �78 �C. Ozone (60 L h�1) was
bubbled through the solution until persistent blue colour was observed and
then argon was bubbled until the blue colour disappeared. The solution was
allowed to warm to RT and the solvent was removed under reduced
pressure. Pure ketone 8 (302 mg, 96 %) was obtained after flash column
chromatography (Et2O/pentane 1:2). GC analysis on chiral stationary
phase (chirasil-dex 25 m) showed an ee of 96% for ketone 8 (tR � 31.74 and
32.07 min for the R and S enantiomers, respectively). [�]20


D ��25.3 (c� 1.0,
CHCl3); lit.[33b] [�]20


D ��25.8 (c� 8.2, CHCl3) for the opposite enantiomer;
1H NMR (400 MHz, C6D6): �� 0.87 (d, J� 7.1 Hz, 3 H), 0.97 (t, J� 7.3 Hz,
3H), 2.10 (dq, J� 18.1, 7.3 Hz, 1 H), 2.20 (dq, J� 18.1, 7.3 Hz, 1 H), 2.56
(qdd, J� 7.1, 7.7, 5.4 Hz, 1H), 3.21 (dd, J� 8.8, 5.4 Hz, 1H), 3.46 (dd, J� 8.8,
7.7 Hz, 1 H), 4.24 (m, 2H), 7.06 ± 7.23 (m, 5H); 13C NMR (100 MHz, C6D6):
�� 7.75, 13.57, 35.23, 46.15, 72.62, 73.11, 127.50, 127.52, 128.36, 138.67,
211.19. All analytical data match with those given in the literature.[33b]


(S)-(�)-2-Methylbutanal (9): A solution of the hydrazone 20 (1.00 g,
5.43 mmol) in dry THF (7 mL) was added to a cooled (0 �C) solution of
LDA (640 mg, 5.98 mmol) in THF (10 mL). After stirring for 5 h, the
mixture was cooled to �105 �C and a solution of MeI (0.37 mL, 5.98 mmol)
in THF (10 mL) was added slowly. The mixture was stirred at this
temperature for 3 h, allowed to warm to RT and quenched with water
(20 mL). The organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (3� 15mL). The combined organic fractions were
dried over Na2SO4, filtered and the solvent removed under reduced
pressure, to afford the �-alkylated hydrazone after flash column chroma-
tography (Et2O/pentane 1:2�3% Et3N) as a colourless oil (978 mg, 91%).
The �-alkylated hydrazone thus obtained was dissolved in CH2Cl2 and the
solution was cooled to �78 �C. Ozone (60 L h�1) was bubbled through the
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solution until persistent blue colour was observed and then argon was
bubbled until the blue colour disappeared. The solution was allowed to
warm to RT and water (15 mL) was added. The organic layer was separated
and the aqueous layer was extracted with CH2Cl2 (3� 15 mL). The
combined organic fractions were washed with 4� HCl (2� 20 mL) and
water (2� 20 mL), dried over Na2SO4 and filtered. CH2Cl2 was removed by
distillation and the pure aldehyde 9 (336 mg, 79%) was obtained after
distillation of the residue through a short vigreux column. [�]20


D ��33.1
(c� 1.3, CHCl3); lit.[41] [�]20


D ��32.6 (c� 2.7, acetone); 1H NMR
(500 MHz): �� 0.95 (t, J� 7.6 Hz, 3 H), 1.09 (d, J� 7.0 Hz, 3H), 1.45 (m,
1H), 1.74 (m, 1 H), 2.23 (m, 1 H), 9.62 (d, J� 1.8 Hz, 1H); 13C NMR
(125 MHz): �� 11.41, 12.96, 23.60, 47.88, 205.34. All analytical data match
with those given in the literature.[41] We proceeded analogously for the
synthesis of (R)-2-methylbutanal (ent-9) starting from hydrazone ent-20
(67 %).


(2R,4S,5R,6S)-(�)-1-Benzyloxy-5-hydroxy-2,4,6-trimethyloctan-3-one
(22a): Commercially available Sn(OTf)2 was washed several times with dry
Et2O under argon. After drying under high vacuum for 12 h the acid free
Sn(OTf)2 (728 mg, 1.74 mmol) was suspended in dry CH2Cl2 (10 mL) and
Et3N (0.28 mL, 2.04 mmol) was added at once. The mixture was then
cooled to �78 �C and a solution of ketone 8 (300 mg, 1.46 mmol) in CH2Cl2


(7 mL) was added slowly. After 2 h a solution of the aldehyde 9 (138 mg,
1.60 mmol) in CH2Cl2 (10 mL) was slowly added and the mixture was
stirred for an additional 4 h before it was quenched with a 4� HCl solution
(10 mL). The organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (3� 15 mL). The combined organic fractions were
dried over Na2SO4, filtered and the solvent removed under reduced
pressure to afford the desired aldol product 22a after flash column
chromatography (Et2O/pentane 1:2) as a colourless oil (370 mg, 87%).
[�]20


D ��39.7 (c� 0.3, CHCl3); 1H NMR (500 MHz): �� 0.86 (t, J� 7.3 Hz,
3H), 0.95 (d, J� 6.4 Hz, 3 H), 1.03 (d, J� 6.7 Hz, 3H), 1.08 (d, J� 7.0 Hz,
3H), 1.37 (m, 1H), 1.46 (m, 1H), 2.6 ± 2.8 (m, 2H), 2.88 (dq, J� 7.0, 3.0 Hz,
1H), 3.14 (m, 1 H), 3.45 (dd, J� 8.8, 4.9 Hz, 1 H), 3.63 (t, J� 8.8 Hz, 1H),
3.73 (dd, J� 7.9, 3.0 Hz, 1 H), 4.43 (d, J� 12.2 Hz, 1 H), 4.47 (d, J� 12.2 Hz,
1H), 7.24 ± 7.35 (m, 5 H); 13C NMR (125 MHz): �� 8.92, 10.97, 13.70, 14.95,
25.42, 36.53, 44.64, 48.58, 73.24, 73.50, 73.85, 127.76, 127.86, 128.44, 137.63,
218.01; IR (CHCl3): �� � 3494, 2959, 2927, 2856, 1707, 1456, 1216, 759,
669 cm�1; MS (EI, 70 eV): m/z (%): 274 (1) [M��H2O], 235 (5), 186 (4),
172 (7), 107 (11), 100 (25), 91 (100), 87 (8), 85 (7), 57 (13); elemental
analysis calcd (%) for C18H28O3: C 73.93, H 9.65; found: C 73.88, H 9.56.


(2R,4S,5R,6R)-(�)-1-Benzyloxy-5-hydroxy-2,4,6-trimethyloctan-3-one
(22b): A 1� solution of TiCl4 in CH2Cl2 (1.53 mL, 1.53 mmol) was added to
a cold (�78 �C) solution of ketone 8 (287 mg, 1.39 mmol) in dry CH2Cl2


(10 mL). After stirring for 5 min, DIPEA (0.29 mL, 1.67 mmol) was added
and the mixture was stirred for 2 h at this temperature. A solution of
aldehyde ent-9 (144 mg, 1.69 mmol) in CH2Cl2 (10 mL) was slowly added
and the mixture was allowed to stir for additional 2 h before it was
quenched with water (20 mL). The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 15 mL). The combined
organic fractions were dried over Na2SO4, filtered and the solvent removed
under reduced pressure to afford the desired aldol product 22b after flash
column chromatography (Et2O/pentane 1:2) as a colourless oil (391 mg,
96%). [�]20


D ��15.4 (c� 0.9, CHCl3); 1H NMR (400 MHz, C6D6): �� 0.68
(d, J� 6.9 Hz, 3H), 0.80 (d, J� 6.9 Hz, 3 H), 0.91 (t, J� 7.6 Hz, 3 H), 1.08 (d,
J� 7.1 Hz, 3 H), 1.26 (m, 1H), 1.52 (m, 1H), 1.96 (m, 1H), 2.69 (dq, J� 7.1,
2.4 Hz, 1 H), 2.84 (m, 1H), 3.10 (dd, J� 8.5, 4.7 Hz, 1H), 3.12 (br s, 1H),
3.48 (dd, J� 9.3, 8.5 Hz, 1H), 3.79 (m, 1 H), 4.10 (d, J� 11.8 Hz, 1 H), 4.14
(d, J� 11.8 Hz, 1H), 7.06 ± 7.20 (m, 5 H); 13C NMR (100 MHz, C6D6): ��
8.16, 11.11, 13.69, 14.99, 25.62, 36.85, 44.30, 48.73, 73.33, 73.46, 73.62, 127.59,
127.72, 128.39, 137.96, 216.87; IR (film): �� � 3501, 3088, 3064, 2966, 2934,
2876, 1706, 1496, 1455, 1377, 1329, 1308, 1243, 1206, 1147, 1098, 1029, 987,
738, 699, 609, 519, 456 cm�1; MS (CI, 100 eV, isobutane): m/z (%): 293 (67)
[M��H], 275 (12), 207 (100); elemental analysis calcd (%) for C18H28O3: C
73.93, H 9.65; found: C 73.85, H 9.74.


(2R,4S,5R,6S)-(�)-5-tert-Butyldimethylsilyloxy-1-hydroxy-2,4,6-trimethyl-
octan-3-one (23a): 2,6-Lutidine (0.39 mL, 3.39 mmol) was added to a
solution of 22a (330 mg, 1.13 mmol) in CH2Cl2 (15 mL) at 0 �C. After
stirring for 1 h at this temperature TBSOTf (0.4 mL, 1.47 mmol) was added
at once. Then, the mixture was stirred for 18 h at RT and it was quenched
with water (10 mL). The organic layer was separated and the aqueous layer
was extracted with CH2Cl2 (3� 15 mL). The combined organic fractions


were dried over Na2SO4, filtered and the solvent removed under reduced
pressure to afford the desired O-protected product after flash column
chromatography (Et2O/pentane 1:9) as a colourless oil (429 mg, 98%).
[�]20


D ��18.5 (c� 0.4, CHCl3); 1H NMR (500 MHz): �� 0.04 (s, 3H), 0.06
(s, 3H), 0.79 (d, J� 6.7 Hz, 3 H), 0.82 (t, J� 7.3 Hz, 3 H), 0.90 (s, 9 H), 1.07
(d, J� 6.1 Hz, 3 H), 1.11 (d, J� 6.1 Hz, 3H), 1.30 (m, 2H), 1.41 (m, 1H),
2.89 (m, 1H), 3.02 (m, 1 H), 3.40 (dd, J� 9.1, 5.8 Hz, 1H), 3.65 (dd, J� 9.1,
7.6 Hz, 1H), 3.90 (dd, J� 7.3, 2.4 Hz, 1H), 4.44 (d, J� 11.9 Hz, 1H), 4.49 (d,
J� 11.9 Hz, 1 H), 7.24 ± 7.34 (m, 5 H); 13C NMR (125 MHz): ���3.99,
�3.69, 12.20, 13.59, 14.09, 14.49, 18.48, 26.09, 26.99, 40.19, 46.17, 49.78,
72.26, 73.26, 75.33, 127.53, 127.58, 128.28, 138.13, 215.90; IR (film): �� � 3031,
2960, 2932, 2857, 1712, 1460, 1362, 1254, 1108, 1059, 1004, 836, 798, 775, 736,
698, 673 cm�1; MS (EI, 70 eV): m/z (%): 349 (9) [M��C4H9], 263 (36), 201
(9), 171 (16), 145 (9), 91 (100), 75 (16), 73 (15); elemental analysis calcd (%)
for C24H42O3Si: C 70.88, H 10.41; found: C 70.73, H 10.24.


The obtained O-protected aldol (418 mg, 1.08 mmol) was dissolved in
EtOH and Pd/C was added. The mixture was stirred under H2 atmosphere
(balloon) for 6 h after which it was filtered and the solvent was removed
under reduced pressure, affording ketone 23a after flash column chroma-
tography (Et2O/pentane 1:2) as a colourless oil (323 mg, 95%). [�]20


D ��3.6
(c� 0.2, CHCl3); 1H NMR (500 MHz): �� 0.07 (s, 6H), 0.85 (d, J� 7.0 Hz,
3H), 0.87 (t, J� 7.3 Hz, 3H), 0.91 (s, 9 H), 1.09 (d, J� 7.0 Hz, 3H), 1.15 (d,
J� 7.6 Hz, 3H), 1.19 (m, 1H), 1.31 (m, 1 H), 1.43 (m, 1H), 2.40 (br s, 1H),
2.87 (m, 1H), 2.95 (m, 1 H), 3.65 (dd, J� 11.3, 4.3 Hz, 1H), 3.73 (dd, J�
11.3, 7.0 Hz, 1H), 3.82 (dd, J� 7.6, 2.4 Hz, 1 H); 13C NMR (125 MHz): ��
�3.98, �3.72, 12.26, 13.43, 13.84, 14.68, 18.45, 26.12, 27.02, 40.00, 48.39,
48.89, 64.22, 76.47, 218.32; IR (film): �� � 3502, 2965, 2934, 2875, 1706, 1496,
1455, 1376, 1147, 1099, 1028, 987, 737, 698 cm�1; MS (EI, 70 eV): m/z (%):
259 (6) [M��C4H9], 201 (10), 173 (100), 155 (11), 115 (5), 87 (5), 81 (5), 75
(26), 73 (11), 59 (10); elemental analysis calcd (%) for C17H36O3Si: C 64.50,
H 11.46; found: C 64.49, H 11.36.


(2R,4S,5R,6R)-(�)-5-tert-Butyldimethylsilyloxy-1-hydroxy-2,4,6-trimethyl-
octan-3-one (23b): The same procedure as previously described using aldol
22b (555 mg, 1.90 mmol), 2,6-lutidine (0.66 mL, 5.70 mmol) and TBSOTf
(653 mg, 2.47 mmol) afforded the corresponding O-protected derivative as
a colourless oil (761 mg, 99 %). [�]20


D ��4.6 (c� 1.3, CHCl3); 1H NMR
(300 MHz): �� 0.02 (s, 3H), 0.06 (s, 3 H), 0.82 (t, J� 7.2 Hz, 3 H), 0.87 (d,
J� 6.7 Hz, 3 H), 0.89 (s, 9H), 1.00 (m, 1H), 1.07 (d, J� 7.1 Hz, 3H), 1.10 (d,
J� 7.1 Hz, 3 H), 1.40 (m, 2 H), 2.86 (m, 1 H), 3.03 (m, 1H), 3.38 (dd, J� 9.1,
6.0 Hz, 1H), 3.64 (dd, J� 9.1, 7.7 Hz, 1 H), 3.94 (dd, J� 5.4, 3.4 Hz, 1H),
4.43 (d, J� 12.1 Hz, 1H), 4.48 (d, J� 12.1 Hz, 1H), 7.22 ± 7.35 (m, 5H);
13C NMR (75 MHz): ���4.25, �3.98, 12.13, 13.68, 14.21, 15.83, 18.38,
24.56, 26.10, 40.85, 45.73, 48.73, 72.28, 73.26, 75.27, 127.55, 127.59, 128.30,
138.19, 215.43; IR (film): �� � 2958, 2931, 2879, 2857, 1713, 1496, 1471, 1462,
1407, 1382, 1361, 1254, 1103, 1057, 1028, 1004, 837, 776, 735, 698 cm�1; MS
(EI, 70 eV): m/z (%): 349 (11) [M��C4H9], 263 (49), 241 (94), 201 (26), 171
(28), 155 (87), 145 (11), 91 (100), 75 (64), 73 (34), 69 (35); elemental analysis
calcd (%) for C24H42O3Si: C 70.88, H 10.41; found: C 70.53, H 10.25.


Hydrogenolysis of the obtained O-protected aldol (600 mg, 1.55 mmol)
under the conditions previously described yielded hydroxyketone 23b as a
colourless oil (479 mg, 98 %). [�]20


D ��9.7 (c� 0.1, CHCl3); 1H NMR
(400 MHz): �� 0.09 (s, 6 H), 0.83 (t, J� 7.3 Hz, 3H), 0.88 (d, J� 6.4 Hz,
3H), 0.91 (s, 9H), 1.11 (d, J� 6.3 Hz, 3H), 1.15 (d, J� 7.6 Hz, 3H), 1.21 (m,
1H), 1.44 (m, 2 H), 2.25 (br s, 1H), 2.86 (m, 1H), 2.94 (m, 1 H), 3.66 (dd, J�
11.0, 4.1 Hz, 1H), 3.73 (dd, J� 11.3, 6.9 Hz, 1 H), 3.82 (dd, J� 7.1, 2.5 Hz,
1H); 13C NMR (100 MHz): ���3.97, �3.72, 12.19, 13.41, 13.82, 14.66,
18.41, 26.00, 26.08, 40.64, 47.95, 48.83, 64.19, 76.48, 218.05; IR (film): �� �
3502, 2963, 2928, 2875, 1704, 1495, 1147, 1111, 1028, 988, 737, 698 cm�1; MS
(EI, 70 eV): m/z (%): 259 (12) [M��C4H9], 201 (9), 173 (100), 155 (35), 115
(28), 87 (10), 81 (15), 75 (33), 73 (9), 59 (7); elemental analysis calcd (%) for
C17H36O3Si: C 64.50, H 11.46; found: C 64.59, H 11.56.


(2R,3S,4R,5R,6S)-(�)-5-tert-Butyldimethylsilyloxy-2,4,6-trimethyloctan-
1,3-diol (5a): DIBAL-H (0.38 mL, 0.38 mmol) was slowly added to a cooled
(�78 �C) solution of hydroxyketone 23a (60 mg, 0.19 mmol) in dry CH2Cl2


(15 mL). After stirring for 1 h at this temperature the mixture was
quenched with 4� HCl (10 mL). The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 15 mL). The combined
organic fractions were dried over Na2SO4, filtered and the solvent removed
under reduced pressure to afford the diol 5a after flash column
chromatography (Et2O/pentane 1:1) as a colourless oil (53 mg, 87%).
[�]20


D ��9.3 (c� 0.3, CHCl3); 1H NMR (500 MHz): �� 0.10 (s, 3 H), 0.14 (s,
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3H), 0.83 (d, J� 7.0 Hz, 3H), 0.89 (t, J� 7.3 Hz, 3 H), 0.92 (s, 9H), 0.97 (d,
J� 6.7 Hz, 3H), 1.14 (d, J� 7.0 Hz, 3 H), 1.21 (m, 1 H), 1.42 (m, 1 H), 1.59
(m, 1 H), 1.72 (m, 1 H), 2.06 (m, 1H), 3.57 (dd, J� 11.0, 4.3 Hz, 1 H), 3.71
(dd, J� 9.1, 3.0 Hz, 1 H), 3.83 (t, J� 2.7 Hz, 1H), 3.93 (dd, J� 11.0, 3.0 Hz,
1H), OH×s could not be detected; 13C NMR (125 MHz): ���4.56, �4.22,
12.26, 13.86, 15.28, 15.58, 18.09, 25.89, 28.46, 35.76, 36.60, 40.23, 64.62, 79.68,
80.22; IR (film): �� � 3365, 2958, 1464, 1385, 1362, 1338, 1254, 1216, 1079,
1026, 972, 940, 836, 775, 669 cm�1; MS (EI, 70 eV): m/z (%): 261 (5) [M��
C4H9], 259 (9), 201 (100), 173 (32), 161 (91), 145 (11), 129 (40), 115 (18), 105
(11), 83 (15), 75 (54), 73 (42), 59 (12), 57 (16); elemental analysis calcd (%)
for C17H38O3Si: C 64.09, H 12.02; found: C 64.13, H 12.01.


(2R,3S,4R,5R,6R)-(�)-5-tert-Butyldimethylsilyloxy-2,4,6-trimethyloctan-
1,3-diol (5b): The same procedure as previously described using hydrox-
yketone 23b (456 mg, 1.44 mmol) and 1� solution of DIBAL-H in CH2Cl2


(2.88 mL, 2.88 mmol) afforded diol 5b as a colourless oil (395 mg, 86%).
[�]20


D ��7.5 (c� 0.8, CHCl3); 1H NMR (400 MHz): �� 0.06 (s, 3H), 0.07 (s,
3H), 0.88 ± 0.92 (m, 6 H), 0.91 (s, 9 H), 0.97 (d, J� 6.9 Hz, 3H), 0.99 (d, J�
6.9 Hz, 3 H), 1.07 (m, 1 H), 1.47 (m, 1 H), 1.54 (m, 1H), 1.81 (m, 1H), 1.86
(m, 1H), 2.30 (br s, 2 H), 3.56 (dd, J� 5.5, 1.9 Hz, 1 H), 3.66 ± 3.72 (m, 3H);
13C NMR (100 MHz): ���4.07, �3.60, 9.60, 10.53, 12.16, 15.26, 18.39,
26.04, 26.88, 36.98, 37.52, 40.69, 67.43, 77.32, 77.42; IR (film): �� � 3387, 2958,
1463, 1385, 1361, 1077, 1025, 1005, 974, 939, 836, 773, 674 cm�1; MS (CI,
100 eV, isobutane): m/z (%): 319 (100) [M��H], 261 (8), 187 (30), 169 (17);
elemental analysis calcd (%) for C17H38O3Si: C 64.09, H 12.02; found: C
63.83, H 12.27.


(2E,4R,5S,6R,7R,8S)-(�)-Ethyl 7-tert-butyldimethylsilyloxy-5-hydroxy-
2,4,6,8-tetramethyldec-2-enoate (24a): Oxalyl chloride (150 mg,
1.18 mmol) was added to a cooled (�78 �C) solution of DMSO (184 mg,
2.35 mmol) in dry CH2Cl2 (15 mL). After stirring for 10 min at this
temperature, a solution of diol 5a (340 mg, 1.07 mmol) in CH2Cl2 (5 mL)
was added and the mixture was stirred for further 10 min before DIPEA
(0.93 mL, 5.35 mmol) was added at once. After stirring for 10 min at
�78 �C the mixture was allowed to warm to RT and filtered through a pad
of silica gel (5 cm), eluting with Et2O/pentane 1:1. The obtained yellowish
oil was dissolved in dry CH2Cl2 (10 mL) and Ph3P�C(CH3)CO2Et (543 mg,
1.50 mmol) was added. The mixture was refluxed for 4 h after which it was
quenched with water (15 mL). The organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3� 15 mL). The combined
organic fractions were dried over Na2SO4, filtered and the solvent removed
under reduced pressure to afford �,�-unsaturated ester 24a after flash
column chromatography (Et2O/pentane 1:2) as a colourless oil (337 mg,
79%). [�]20


D ��21.8 (c� 1.1, CHCl3); lit.[30a] [�]20
D ��22.2 (c� 1.2 CHCl3);


1H NMR (400 MHz): �� 0.07 (s, 3 H), 0.12 (s, 3 H), 0.75 (d, J� 6.6 Hz, 3H),
0.89 (t, J� 7.3 Hz, 3 H), 0.93 (s, 9 H), 1.02 (d, J� 6.6 Hz, 3H), 1.12 (d, J�
6.8 Hz, 3 H), 1.25 (t, J� 6.9 Hz, 3H), 1.13 ± 1.39 (m, 2H), 1.61 (m, 1 H), 1.77
(m, 1 H), 1.86 (d, J� 1.7 Hz, 3H), 2.60 (m, 1H), 3.44 (d, J� 7.1 Hz, 1H),
3.51 (t, J� 3.5 Hz, 1 H), 4.11 ± 4.22 (m, 2 H), 4.2 ± 4.35 (br s, 1H), 6.98 (dq,
J� 10.5, 1.2 Hz, 1H); 13C NMR (100 MHz): ���4.82, �4.12, 12.13, 12.52,
14.01, 14.31, 15.36, 16.80, 18.09, 25.89, 29.20, 35.50, 36.40, 41.71, 60.35, 71.83,
80.86, 127.55, 142.56, 168.24; IR (film): �� � 3500, 2957, 2933, 2871, 1685,
1464, 1374, 1302, 1247, 1146, 1099, 1060, 1004, 857, 837, 776, 755 cm�1; MS
(EI, 70 eV): m/z (%): 343 (27) [M��C4H9], 259 (14), 257 (12), 201 (100),
173 (21), 161 (27), 142 (17), 127 (11), 115 (13), 113 (14), 109 (16), 105 (6), 75
(29), 73 (31), 69 (13), 57 (11); elemental analysis calcd (%) for C22H44O4Si:
C 66.95, H 11.07; found: C 66.11, H 11.11.


(2E,4R,5S,6R,7R,8R)-(�)-Ethyl 7-tert-butyldimethylsilyloxy-5-hydroxy-
2,4,6,8-tetramethyldec-2-enoate (24b): The same procedure as previously
described using diol 5b (138 mg, 0.43 mmol), oxalyl chloride (75 mg,
0.59 mmol), DMSO (93 mg, 1.20 mmol), DIPEA (0.43 mL, 2.50 mmol) and
Ph3P�C(CH3)CO2Et (272 mg, 0.75 mmol) afforded ester 24b as a colour-
less oil (60 mg, 67% conversion, 52%). [�]20


D ��5.9 (c� 0.3, CHCl3);
1H NMR (300 MHz): �� 0.09 (s, 3H), 0.11 (s, 3 H), 0.84 ± 0.92 (m, 9H), 0.92
(s, 9H), 1.09 (d, J� 6.6 Hz, 3H), 1.29 (t, J� 7.1 Hz, 3H), 1.34 (m, 1H),
1.55 ± 1.74 (m, 3 H), 1.87 (d, J� 1.4 Hz, 3H), 2.48 (br s, 1 H), 2.63 (m, 1H),
3.46 (m, 1H), 3.74 (dd, J� 4.1, 3.6 Hz, 1H), 4.19 (m, 2H), 6.50 (dq, J� 10.4,
1.4 Hz, 1H); 13C NMR (75 MHz): ���4.49, �3.42, 8.02, 12.39, 12.60,
14.27, 15.34, 16.51, 18.29, 25.89, 26.07, 37.15, 37.41, 40.72, 60.49, 79.74, 80.12,
127.33, 143.85, 168.13; IR (film): �� � 3525, 2959, 2858, 1713, 1463, 1387,
1369, 1256, 1139, 1096, 1052, 1004, 836, 774, 753 cm�1; MS (EI, 70 eV): m/z
(%): 343 (33) [M��C4H9], 259 (8), 257 (21), 201 (100), 173 (60), 161 (39),
142 (30), 127 (8), 115 (28), 113 (24), 109 (18), 105 (11), 75 (69), 73 (59), 69


(18), 57 (8); HRMS: calcd for [C22H44O4Si�C4H9]�: 343.2305; found
343.2304.


(2E,4R,5S,6R,7R,8S)-(�)-1-Bromo-7-tert-butyldimethylsilyloxy-5-hy-
droxy-2,4,6,8-tetramethyldec-2-ene (2a): A 1� solution of DIBAL-H in
CH2Cl2 (2.34 mL, 2.34 mmol) was slowly added to a cold (�78 �C) solution
of the �,�-unsaturated ester 24a (312 mg, 0.78 mmol) in CH2Cl2 (10 mL).
After stirring for 30 min, the reaction was quenched with 1� HCl solution
(20 mL) and the layers were separated. The aqueous layer was extracted
with CH2Cl2 (3� 5 mL) and the combined organic fractions were dried
over Na2SO4, filtered and the solvent was removed under reduced pressure,
affording the corresponding allylic alcohol after flash column chromatog-
raphy (Et2O/pentane 1:1) as a colourless oil (238 mg, 85%). The obtained
alcohol (57 mg, 0.16 mmol) was dissolved in dry acetonitrile (5 mL) and
PPh3 (96 mg, 0.37 mmol), 2,6-lutidine (18 mg, 0.16 mmol) and CBr4


(121 mg, 0.37 mmol) were sequentially added at RT. After stirring for
30 min the mixture was quenched with water (10 mL) and extracted with
pentane (5� 10 mL). The combined organic fractions were dried over
Na2SO4, filtered and the solvent was removed under reduced pressure,
affording allylic bromide 2a after flash column chromatography (Et2O/
pentane 1:9) as a colourless oil (60 mg, 89 %). [�]20


D ��49.5 (c� 0.2,
CHCl3); 1H NMR (400 MHz): �� 0.09 (s, 3H), 0.11 (s, 3H), 0.72 (d, J�
6.8 Hz, 3 H), 0.83 (t, J� 7.2 Hz, 3 H), 0.91 (d, J� 6.8 Hz, 3H), 0.94 (s, 9H),
1.03 (d, J� 6.6 Hz, 3H), 1.10 (m, 1H), 1.35 (m, 1 H), 1.58 (m, 1H), 1.75 (m,
1H), 1.78 (d, J� 1.6 Hz, 3H), 2.12 ± 2.25 (br s, 1H), 2.47 (m, 1 H), 3.34 (dd,
J� 9.3, 1.9 Hz, 1 H), 3.72 (dd, J� 4.7, 2.7 Hz, 1 H), 3.92 (d, J� 9.6 Hz, 1H),
3.96 (d, J� 9.6 Hz, 1H), 5.33 (d, J� 10.2 Hz, 1H); 13C NMR (100 MHz):
���4.54, �3.39, 11.13, 12.43, 15.05, 15.03, 16.87, 18.24, 26.01, 26.11, 36.33,
36.71, 40.84, 41.36, 80.39, 131.69, 133.90; IR (film): �� � 3350, 2965, 2920,
2870, 1460, 1355, 1214, 1190, 1162, 1095, 1073, 955, 840, 610, 524 cm�1; MS
(EI, 70 eV): m/z (%): 365 (7) [M��C4H9], 363 (8), 259 (15), 201 (100), 173
(38), 161 (58), 145 (8), 119 (12), 115 (15), 83 (9), 75 (36), 73 (32), 57 (8);
elemental analysis calcd (%) for C20H41BrO2Si: C 56.99, H 9.80; found: C
56.90, H 9.95.


(2E,4R,5S,6R,7R,8R)-(�)-1-Bromo-7-tert-butyldimethylsilyloxy-5-hy-
droxy-2,4,6,8-tetramethyldec-2-ene (2b): The same procedure as previous-
ly described using �,�-unsaturated ester 24b (262 mg, 0.65 mmol) and 1�
DIBAL-H (1.96 mL, 1.96 mmol) solution, yielded the corresponding allylic
alcohol (231 mg, 99%). Bromination of this alcohol (200 mg, 0.56 mmol)
with PPh3 (335 mg, 1.28 mmol), 2,6-lutidine (60 mg, 0.56 mmol) and CBr4


(425 mg, 1.28 mmol) afforded allylic bromide 2b as a colourless oil (194 mg,
82%). [�]20


D ��30.2 (c� 0.6, CHCl3); 1H NMR (300 MHz): �� 0.09 (s,
3H), 0.11 (s, 3 H), 0.86 ± 0.94 (m, 9H), 0.92 (s, 9H), 1.03 (d, J� 6.6 Hz, 3H),
1.11 (m, 1H), 1.26 ± 1.76 (m, 3H), 1.78 (d, J� 1.4 Hz, 3H), 2.38 (br s, 1H),
2.48 (m, 1H), 3.33 (dd, J� 8.9, 1.5 Hz, 1 H), 3.72 (dd, J� 4.9, 3.0 Hz, 1H),
3.94 (m, 2 H), 5.30 (dd, J� 10.0, 1.4 Hz, 1H); 13C NMR (75 MHz): ��
�4.57, �3.38, 7.86, 12.45, 15.07, 15.09, 16.90, 18.25, 26.04, 26.14, 36.35, 36.74,
40.88, 41.42, 80.53, 131.89, 134.10; IR (film): �� � 3529, 2958, 2930, 2876,
2857, 1462, 1387, 1255, 1094, 1051, 1005, 986, 836, 774 cm�1; MS (EI, 70 eV):
m/z (%): 365 (4) [M��C4H9], 363 (7), 259 (12), 201 (100), 173 (38), 161
(59), 145 (9), 131 (7), 119 (14), 115 (15), 109 (10), 83 (11), 75 (28), 73 (23), 69
(8); elemental analysis calcd (%) for C20H41BrO2Si: C 56.99, H 9.80; found:
C 57.01, H 9.93.


(2�R,6�R,1E,3Z,5R)-(�)-7-tert-Butyldiphenylsilyloxy-1-(5�,6�-dihydro-2�H-
2�-isopropoxypyran-6�-yl)-3-ethyl-5-methylhepta-1,3-diene (25): Allylic
bromide 4b (84 mg, 0.18 mmol) was dissolved in dry acetonitrile (5 mL)
and tributylphosphine (52 mg, 0.26 mmol) was added at once. After stirring
for 30 min at RT the solvent was evaporated under reduced pressure and
the resulting viscous oil was dried under high vacuum. The residue was
dissolved in dry toluene, a solution of the aldehyde 3 (33 mg, 0.19 mmol) in
toluene (5 mL) was added and the mixture was cooled to 0 �C, at which
temperature a solution of KOtBu (31 mg, 0.26 mmol) in THF (1 mL) was
added slowly. After stirring for 1 h at this temperature, the reaction was
quenched with water (5 mL), the organic layer was separated and the
aqueous layer was extracted with Et2O (3� 15 mL). The combined organic
fractions were dried over Na2SO4, filtered and the solvent removed under
reduced pressure to afford triene 25 after flash column chromatography
(Et2O/pentane 1:9) as a colourless oil (82 mg, 86 %). [�]20


D ��53.6 (c� 0.4,
CHCl3); 1H NMR (400 MHz): �� 0.94 (d, J� 6.8 Hz, 3H), 1.01 (t, J�
7.4 Hz, 3H), 1.03 (s, 9H), 1.16 (d, J� 6.0 Hz, 3H), 1.20 (d, J� 6.9 Hz, 3H),
1.48 (m, 1 H), 1.61 (m, 1H), 2.03 ± 2.11 (m, 2 H), 2.12 ± 2.22 (m, 2 H), 2.84 (m,
1H), 3.61 (t, J� 6.6 Hz, 2H), 3.98 (sept, J� 6.0 Hz, 1H), 4.46 (m, 1H), 5.09
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(m, 2H), 5.72 (m, 2H), 5.95 (m, 1 H), 6.59 (d, J� 15.9 Hz, 1H), 7.32 ± 7.44
(m, 6H), 7.61 ± 7.69 (m, 4H); 13C NMR (100 MHz): �� 13.44, 19.24, 21.38,
22.06, 23.87, 26.30, 26.83, 28.05, 30.71, 40.37, 61.90, 65.85, 69.46, 93.18,
125.99, 127.40, 127.75, 128.13, 128.47, 129.33, 133.80, 134.80, 135.44, 136.07;
IR (CHCl3): �� � 3070, 3046, 2964, 2930, 2894, 1469, 1428, 1381, 1316, 1182,
1108, 1029, 1001, 965, 947, 823, 800, 757, 704, 614, 506 cm�1; MS (EI, 70 eV):
m/z (%): 532 (1) [M�], 475 (27), 417 (11), 415 (16), 363 (53), 285 (16), 253
(10), 225 (17), 217 (12), 199 (100), 183 (33), 173 (11), 147 (25), 135 (34), 121
(21), 109 (17), 105 (16), 91 (14), 70 (34), 55 (10); elemental analysis calcd
(%) for C34H48O3Si: C 76.64, H 9.08; found: C 76.56, H 9.10.


(2�R,6�R,4Z,6E,3R)-7-(5�,6�-Dihydro-2�H-2�-isopropoxypyran-6�-yl)-5-eth-
yl-3-methylhepta-4,6-dien-1-al (1): Triene 25 (197 mg, 0.37 mmol) was
dissolved in THF (5 mL) and TBAF (1� solution in THF, 0.74 mL,
0.74 mmol) was added at once. After stirring for 3 h at RT, the mixture was
quenched with water (5 mL) and extracted with CH2Cl2 (3� 10 mL). The
combined organic fractions were dried over Na2SO4, filtered and the
solvent removed under reduced pressure to afford the corresponding
alcohol after flash column chromatography (Et2O/pentane 1:9) as a
colourless oil (106 mg, 95 %). [�]20


D ��4.7 (c� 0.6, CHCl3); 1H NMR
(400 MHz): �� 1.00 (d, J� 6.7 Hz, 3H), 1.06 (t, J� 7.4 Hz, 3 H), 1.17 (d, J�
6.0 Hz, 3 H), 1.25 (d, J� 6.3 Hz, 3H), 1.31 (m, 1H), 1.48 ± 1.55 (m, 1H),
1.60 ± 1.71 (m, 1H), 2.00 ± 2.14 (m, 2H), 2.19 (q, J� 7.4 Hz, 2H), 2.86 (m,
1H), 3.58 ± 3.63 (m, 2 H), 4.07 (sept, J� 6.0 Hz, 1H), 4.52 (m, 1 H), 5.09 (d,
J� 1.2 Hz, 1 H), 5.15 (d, J� 8.5 Hz, 1 H), 5.70 ± 5.81 (m, 1H), 5.88 (dd, J�
15.9, 6.0 Hz, 1 H), 5.98 ± 6.09 (m, 1 H), 6.62 (d, J� 15.9 Hz, 1H); 13C NMR
(100 MHz): �� 13.40, 21.55, 22.14, 23.82, 26.32, 28.40, 30.80, 40.37, 61.14,
66.93, 69.66, 93.19, 126.98, 127.15, 128.31, 128.75, 134.87, 136.41; IR
(CHCl3): �� � 3420, 2966, 2927, 1459, 1400, 1378, 1316, 1181, 1127, 1100,
1052, 1030, 1000, 964, 870, 718 cm�1; MS (EI, 70 eV): m/z (%): 294 (3) [M�],
234 (18), 205 (19), 179 (11), 161 (12), 139 (11), 121 (11), 112 (34), 109 (24),
105 (11), 97 (13), 93 (15), 91 (17), 81 (17), 70 (100), 55 (24), 45 (31);
elemental analysis calcd (%) for C18H30O3: C 73.43, H 10.27; found: C
73.52, H 10.40.


The obtained alcohol (31 mg, 0.11 mmol) was dissolved in dry CH2Cl2


(5 mL) and added to a cooled (�78 �C) solution of Swern reagent
(prepared from oxalyl chloride (15 mg, 0.12 mmol) and DMSO (19 mg,
0.24 mmol) in CH2Cl2). After stirring for 10 min at this temperature,
DIPEA (72 mg, 0.55 mmol) was added at once and the mixture was stirred
for further 15 min at �78 �C. The reaction was allowed to warm to RT and
filtered through a pad of silica gel (5 cm), eluting with Et2O/pentane 1:1, to
yield crude aldehyde 1 which was used in the following step without further
purification 31 mg, 96%).


(2�R,6�R,8E,10E,14Z,16E,3S,4R,5R,6S,7R,13R)-(�)-4-tert-Butyldimethyl-
silyloxy-17-(5�,6�-dihydro-2�H-2�-isopropoxypyran-6�-yl)-15-ethyl-6-hy-
droxy-3,5,7,9,13-pentamethylheptadeca-8,10,14,16-tetraene (26a): nBuLi
(0.047 mmol) was added to a cold (�78 �C) solution of DMSO (4.0 mg,
0.051 mmol) in dry toluene (5 mL). The mixture was stirred for 5 min at this
temperature and for 15 min at RT, after which it was cooled again to
�78 �C. In a separate flask, allylic bromide 2a (18 mg, 0.043 mmol) was
dissolved in dry acetonitrile (5 mL) and tributylphosphine (12 mg,
0.060 mmol) was added at once. After stirring for 30 min at RT the solvent
was evaporated under reduced pressure and the resulting viscous oil was
dried under high vacuum. The obtained residue was dissolved in dry
toluene and added to the LiCH2S(O)CH3 solution at �78 �C. A solution of
the aldehyde 1 (13 mg, 0.045 mmol) in toluene (5 mL) was also added and,
after stirring for 2 h at �78 �C, the reaction was quenched with water
(5 mL). The organic layer was separated and the aqueous layer was
extracted with Et2O (3� 5 mL). The combined organic fractions were dried
over Na2SO4, filtered and the solvent removed under reduced pressure to
afford pentaene 26a after flash column chromatography (Et2O/pentane
1:5) as a colourless oil (20 mg, 76%). [�]20


D ��64.7 (c� 0.1, CHCl3);
1H NMR (400 MHz): �� 0.10 (s, 3 H), 0.16 (s, 3 H), 0.71 (d, J� 7.1 Hz, 3H),
0.89 (d, J� 7.4 Hz, 3H), 0.94 (d, J� 6.9 Hz, 3 H), 0.98 (t, J� 7.5 Hz, 3H),
1.02 (s, 9H), 1.07 (d, J� 6.1 Hz, 3H), 1.11 (t, J� 7.2 Hz, 3 H), 1.18 (d, J�
6.6 Hz, 3 H), 1.28 (d, J� 6.3 Hz, 3H), 1.32 (m, 1H), 1.42 (m, 1H), 1.60 (m,
1H), 1.75 (d, J� 1.1 Hz, 3H), 1.79 (m, 1H), 1.91 (m, 1H), 2.08 (m, 3H), 2.19
(m, 2 H), 2.67 (m, 1H), 2.78 (m, 1H), 3.43 (d, J� 9.1 Hz, 1H), 3.75 (t, J�
4.1 Hz, 1H), 3.98 (sept, J� 6.0 Hz, 1 H), 4.69 (m, 1 H), 5.19 (m, 3 H), 5.57
(m, 1 H), 5.75 (m, 2 H), 5.87 (dd, J� 15.9, 5.8 Hz, 1H), 6.15 (d, J� 15.7 Hz,
1H), 6.81 (d, J� 15.9 Hz, 1 H), OH could not be detected; 13C NMR
(100 MHz): ���4.21, �3.42, 8.87, 12.64, 13.11, 13.90, 15.87, 17.82, 18.06,


21.04, 22.48, 24.27, 25.97, 26.30, 26.92, 31.44, 32.57, 37.31, 37.60, 41.08, 41.43,
67.39, 69.76, 79.85, 80.25, 93.83, 126.28, 126.69, 127.21, 127.57, 129.76, 133.15,
133.62, 135.05, 136.45; IR (CHCl3): �� � 3396, 2929, 2874, 2858, 1463, 1381,
1254, 1121, 1049, 1027, 1005, 979, 868, 836, 774 cm�1; MS (EI, 70 eV): m/z
(%): 556 (1) [M��C3H9O], 499 (3), 298 (15), 257 (39), 229 (8), 207 (12),
201 (100), 190 (41), 173 (23), 161 (23), 145 (11), 141 (26), 127 (9), 109 (40),
99 (15), 93 (14), 75 (21), 73 (30), 57 (8); elemental analysis calcd (%) for
C38H68O4Si: C 73.97, H 11.11; found: C 74.06, H 11.07.


(2�R,6�R,8E,10E,14Z,16E,3R,4R,5R,6S,7R,13R)-(�)-4-tert-Butyldime-
thylsilyloxy-17-(5�,6�-dihydro-2�H-2�-isopropoxypyran-6�-yl)-15-ethyl-6-hy-
droxy-3,5,7,9,13-pentamethylheptadeca-8,10,14,16-tetraene (26b): The
same procedure as previously described using allylic bromide 2b (12 mg,
0.028 mmol), aldehyde 1 (8.2 mg, 0.028 mmol), nBuLi (0.031 mmol),
DMSO (2.7 mg, 0.034 mmol) and tributylphosphine (8 mg, 0.040 mmol)
afforded pentaene 26b as a colourless oil (12 mg, 73%). [�]20


D ��64.7 (c�
0.1, CHCl3); 1H NMR (400 MHz): �� 0.07 (s, 3H), 0.10 (s, 3 H), 0.81 ± 0.90
(m, 9H), 0.94 (s, 9 H), 0.99 (d, J� 6.6 Hz, 3 H), 1.02 ± 1.11 (m, 6H), 1.18 (t,
J� 7.2 Hz, 3 H), 1.25 (d, J� 6.6 Hz, 3 H), 1.30 (m, 1 H), 1.45 (m, 1 H), 1.58
(m, 1H), 1.70 (d, J� 1.2 Hz, 3H), 1.73 (m, 1H), 2.03 ± 2.11 (m, 4 H), 2.21 ±
2.35 (m, 2H), 2.65 (m, 1H), 2.74 (m, 1H), 3.36 (d, J� 9.0 Hz, 1 H), 3.70 (m,
1H), 4.03 (sept, J� 6.0 Hz, 1 H), 4.64 (m, 1 H), 5.06 (d, J� 10.1 Hz, 1H),
5.11 ± 5.20 (m, 2H), 5.48 (m, 1 H), 5.73 (m, 2 H), 5.98 ± 6.09 (m, 2 H), 6.59 (d,
J� 15.8 Hz, 1H), OH could not be detected; 13C NMR (100 MHz): ��
�4.48, �3.41, 7.98, 12.38, 12.82, 13.49, 15.27, 17.57, 18.27, 20.56, 22.14, 23.85,
25.88, 26.03, 26.32, 30.84, 31.97, 36.50, 36.59, 40.71, 40.88, 67.06, 69.57, 80.26,
80.50, 93.19, 125.64, 125.97, 127.19, 128.31, 129.81, 132.09, 133.28, 135.31,
135.98; IR (CHCl3): �� � 3510, 2961, 2929, 1720, 1689, 1462, 1381, 1254, 1216,
1106, 1004, 976, 939, 877, 836, 757, 668 cm�1; MS (EI, 70 eV): m/z (%): 543
(1) [M��C4H10O], 299 (15), 257 (21), 229 (33), 201 (100), 190 (15), 173
(61), 161 (22), 145 (10), 115 (20), 109 (18), 75 (58), 73 (42), 57 (61);
elemental analysis calcd (%) for C38H68O4Si: C 73.97, H 11.11; found: C
74.08, H 11.19.


(�)-Callystatin A : A solution of the pentaene 26a (8.0 mg, 0.013 mmol) in
benzene (1 mL) was treated with PCC (14 mg, 0.065 mmol), 4 ä molecular
sieves (3 g, 3 beads, crushed) and AcOH (7.8 mg, 0.13 mmol). After stirring
at RT for 2.5 h, water (2 mL) was added and the reaction mixture was
extracted with Et2O (3� 5 mL). The combined organic fractions were dried
over Na2SO4, filtered and the solvent removed under reduced pressure to
afford the corresponding O-TBS protected derivative of callystatin A
(6.0 mg, 81%) after flash column chromatography (Et2O/pentane 1:1).
Afterwards, this derivative (3.7 mg, 0.0065 mmol) was placed in a plastic
vial, dissolved in THF (0.2 mL) and HF ¥ pyridine (0.2 mL) was added at
once. After stirring for 72 h the reaction was quenched with 1� Na2CO3


(3 mL) and extracted with Et2O (5� 5 mL). The combined organic
fractions were dried over Na2SO4, filtered and the solvent removed under
reduced pressure to afford synthetic (�)-callystatin A (2.6 mg, 89%) after
column chromatography (Et2O/pentane 1:1). [�]20


D ��102.6 (c� 0.02,
MeOH); lit[1] [�]20


D ��107 (c� 0.1, MeOH); lit[14] [�]20
D ��105 (c� 0.1,


MeOH); 1H NMR (500 MHz): �� 0.87 (t, J� 7.5 Hz, 3 H), 0.91 (d, J�
6.9 Hz, 3 H), 0.98 (d, J� 6.5 Hz, 3 H), 1.05 (t, J� 7.5 Hz, 3 H), 1.09 (d, J�
7.1 Hz, 3H), 1.15 (d, J� 7.0 Hz, 3H), 1.28 ± 1.46 (m, 4H), 1.82 (d, J� 1.2 Hz,
3H), 2.12 (m, 2H), 2.18 (m, 2H), 2.48 (m, 2 H), 2.68 (m, 1H), 2.84 (m, 1H),
3.51 (dd, J� 7.0, 4.4 Hz, 1H), 3.68 (m, 1H), 5.00 (m, 1 H), 5.15 (d, J�
9.6 Hz, 1 H), 5.25 (d, J� 9.6 Hz, 1 H), 5.59 (m, 1H), 5.74 (dd, J� 15.9,
7.1 Hz, 1 H), 6.01 (d, J� 15.5 Hz, 1 H), 6.07 (dq, J� 9.8, 1.8 Hz, 1 H), 6.65 (d,
J� 16.1 Hz, 1H), 6.90 (m, 1H); 13C NMR (125 MHz): �� 10.92, 11.23,
13.02, 13.33, 14.28, 16.01, 20.74, 25.76, 26.23, 30.15, 32.11, 36.65, 40.78, 45.61,
45.50, 74.43, 78.90, 121.66, 124.53, 127.58, 128.30, 129.91, 135.22, 135.40,
136.27, 137.04, 144.75, 164.15, 216.33; IR (CHCl3): �� � 3516, 3407, 2965,
2930, 1715, 1459, 1381, 1250, 1112, 970, 818, 756, 667 cm�1; MS (EI, 70 eV):
m/z (%): 456 (0.7) [M�], 206 (100), 159 (10), 121 (24), 108 (31), 97 (33), 93
(28), 86 (12), 69 (13), 57 (39); HRMS: calcd for [C29H44O4]�: 456.3239;
found: 456.3238.


(�)-20-epi-Callystatin A : The same procedure as previously described
using pentaene 26b (10 mg, 0.016 mmol), PCC (17 mg, 0.081 mmol), 4 ä
molecular sieves (3 g, 3 beads, crushed), AcOH (9.6 mg, 0.16 mmol) and
HF ¥ pyridine (0.2 mL) afforded 20-epi-callystatin A (1.9 mg, 69 % yield
over two steps) after column chromatography (Et2O/pentane 1:1). [�]20


D �
�97.4 (c� 0.01, MeOH); 1H NMR (400 MHz): �� 0.87 (t, J� 7.4 Hz, 3H),
0.93 (d, J� 6.6 Hz, 3 H), 0.98 (t, J� 7.5 Hz, 3H), 1.03 (d, J� 6.5 Hz, 3H),
1.10 (d, J� 6.4 Hz, 3H), 1.12 (d, J� 7.1 Hz, 3 H), 1.21 ± 1.43 (m, 4 H), 1.79 (d,
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J� 1.4 Hz, 3 H), 2.09 (m, 2H), 2.15 (m, 2 H), 2.43 (m, 2 H), 2.61 (m, 1H),
2.80 (m, 1H), 3.63 (m, 1H), 3.91 (m, 1H), 5.00 (m, 1 H), 5.12 (d, J� 9.4 Hz,
1H), 5.22 (d, J� 9.7 Hz, 1H), 5.53 (m, 1 H), 5.79 (dd, J� 15.7, 7.2 Hz, 1H),
6.01 (d, J� 15.7 Hz, 1H), 6.06 (dq, J� 9.7, 1.8 Hz, 1H), 6.61 (d, J� 16.3 Hz,
1H), 6.87 (m, 1 H); 13C NMR (100 MHz): �� 11.04, 12.24, 12.97, 13.41,
14.85, 16.04, 20.64, 23.99, 26.34, 30.04, 32.06, 36.65, 40.78, 45.31, 47.98, 75.83,
78.68, 121.51, 124.44, 126.92, 128.44, 129.56, 135.53, 135.91, 136.88, 137.43,
144.40, 164.23, 216.10; IR (CHCl3): �� � 3356, 2964, 2929, 2877, 1716, 1460,
1381, 1256, 1118, 817, 757, 619 cm�1; MS (EI, 70 eV): m/z (%): 456 (1) [M�],
206 (100), 188 (12), 159 (20), 121 (22), 108 (30), 97 (39), 93 (25), 86 (15), 69
(16), 57 (38); HRMS: calcd for [C29H44O4]�: 456.3239; found: 456.3236.
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Inhibition of Amyloid Fibril Formation of Human Amylin by N-Alkylated
Amino Acid and �-Hydroxy Acid Residue Containing Peptides


Dirk T. S. Rijkers,[a] Jo W. M. Hˆppener,[b] George Posthuma,[c] Cornelis J. M. Lips,[b] and
Rob M. J. Liskamp*[a]


Abstract: Amyloid deposits are formed
as a result of uncontrolled aggregation
of (poly)peptides or proteins. Today
several diseases are known, for example
Alzheimer×s disease, Creutzfeldt ± Jakob
disease, mad cow disease, in which
amyloid formation is involved. Amyloid
fibrils are large aggregates of �-pleated
sheets and here a general method is
described to introduce molecular muta-
tions in order to achieve disruption of �-
sheet formation. Eight backbone-modi-
fied amylin derivatives, an amyloidogen-


ic peptide involved in maturity onset
diabetes, were synthesized. Their �-
sheet forming properties were studied
by IR spectroscopy and electron micro-
scopy. Modification of a crucial amide
NH by an alkyl chain led to a complete
loss of the �-sheet forming capacity of
amylin. The resulting molecular mutat-


ed amylin derivative could be used to
break the �-sheet thus retarding �-sheet
formation of unmodified amylin. More-
over, it was found that the replacement
of this amide bond by an ester moiety
suppressed fibrillogenesis significantly.
Introduction of N-alkylated amino acids
and/or ester functionalities–leading to
depsipeptides–into amyloidogenic pep-
tides opens new avenues towards novel
peptidic �-sheet breakers for inhibition
of �-amyloid aggregation.


Keywords: aggregation ¥ amyloid ¥
peptides ¥ peptidomimetics ¥
protein modifications


Introduction


Peptide ± protein and protein ± protein interactions are vital in
cellular processes of healthy organisms, but they can also be
detrimental or lethal to the organism as has been shown in
diseases where there is a uncontrolled aggregation leading to
accumulation of for example protein fibrils, amyloidogenic
plaques.[1] The most well-known diseases in this respect are
Alzheimer×s disease,[2] and transmissible spongiform ence-
phalopathies involving prions (scrapie, BSE and Creutzfeldt ±
Jakob Disease).[3]


Less known, but of increasing impact in view of the aging
population and obesity in the Western world is maturity onset
diabetes (diabetes type II).[4] The protein involved in this
disease is amylin also known as islet amyloid polypeptide
(IAPP). It is a 37 amino acid residue peptide hormone
produced by islet �-cells of the pancreas and it is co-secreted
with insulin.[5] Amyloid deposits of fibrillar amylin in the
pancreatic islets are present in the vast majority of patients
with non-insulin-dependent diabetes mellitus (diabetes type
II).[6] These fibrillar assemblies are cytotoxic for islet �-cells
and are associated with the depletion of these cells which
accompanies the progression of the disease.[7]


Structure ± activity studies have shown that amino acid
residues 20 ± 29 that is Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-
Ser-Ser of amylin are crucial for amyloid formation.[8, 9]


Moreover, a proline scan of this decamer has demonstrated
that substitution of serine at position 28 by a proline residue
efficiently reduces the capacity for amyloid fibril formation.[10]


We are interested in the design and synthesis of soluble �-
sheet mimetics that interfere with amyloid fibril formation by
inhibiting the assembly of �-pleated sheet containing mole-
cules. This assembly leads to a decreased solubility, gel
formation and/or aggregation.


The design approach we wanted to follow–in order to
interfere with the formation of �-sheets, thereby acting as �-
sheet breakers[11]–was to come up with compounds which
would prevent further aggregation once a �-sheet has already
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started to form and/or which are destabilizing the �-sheet
once the compounds are incorporated; thus they would act as
™mutations∫. In a more molecular way we wanted our
molecular constructs to be able to form hydrogen bonds with
the �-chain of a starting or growing �-sheet; at the same time
they should be incapable of accepting a subsequent �-chain
for example as a result of their inability to form hydrogen
bonds either by the absence of a hydrogen bond donor/
acceptor or by a turn-like structure preventing proper align-
ment.


The results presented here show that site-specific alkyla-
tion[12] is a more general and effective approach than merely
N-methylation for disruption of �-sheet formation. In addi-
tion, so far, substitution of an amide functionality by an ester
moiety has not been described as an approach for access to
new �-sheet breaker peptide derivatives as inhibitors for
amyloid fibrillogenesis.


Results and Discussion


In this study, eight derivatives of human amylin(20 ± 29) were
designed and synthesized with a modification at position 28
(Ser) to study the effect on gelation that is amyloid fibrillo-
genesis due to the absence of hydrogen bond donor/acceptor
or enhancement of the proba-
bility of �-turn formation (Fig-
ures 1 and 2).


A solution of native amy-
lin(20 ± 29) 1 gelled within
10 min. Fibrils were formed as
was demonstrated by electron
microscopy (EM) and Fourier
transform infrared spectrosco-
py (FTIR) which is in agree-
ment with the literature[8, 10, 13]


(Table 1). It was found that the
size of the side chain of amino
acid 28 (Ser) did not affect gel
and fibril formation since pep-
tides 2 (28: Gly) and 3 (28:
Nle� norleucine), with no side
chain and a larger side chain,
respectively, led to equal fast
gelation as 1 (28: Ser) (Table 1).
The fibrils of these peptides
were 6 ± 10 nm width, rigid and
unbranched as was observed by
EM (Figure 3). Moreover,
FTIR spectra showed (Table 1)
the typical absorbance of �-
sheets at 1625 and 1633 cm�1.[14]


However, when �-serine 28
was changed to �-serine, lead-
ing to peptide 4, gelation was
delayed for at least 2 h. Appa-
rently, the three-dimensional
orientation of the side chain


(�-versus �-configuration) is of greater importance than its
bulkiness and capable of delaying gel formation. Although �-
amino acids are known to induce type II (II�) �-turns, the
presence of the NH hydrogen bond donor of this amino acid
still was sufficient to result in gel formation including fibril
formation after aging of the solution as was evidenced by EM
and FTIR (Table 1).


Substitution of the backbone NH at position 28 by an
oxygen atom was achieved by the preparation of depsipeptide
5 (Scheme 1), of which gelation was even further delayed and
did not take place within 24 h. This remarkable postponement
of gel formation (144 times slower than 2) points at the
importance for gelation of the N-H hydrogen bond donor at
this position. More importantly, FTIR clearly showed the
reduced tendency of fibril formation, since the typical �-sheet
band at 1625 cm�1 is almost absent. Furthermore, a strong
absorbance at 1645 cm�1 was observed, indicating a random
conformation. Electron microscopy, however, revealed the
presence of only few scattered fibrillar structures. The strong
FTIR absorbance is probably mainly the result of hydro-
phobic interactions since the FTIR absorbance at 1625 ±
1633 cm�1 of the intermolecular hydrogen bonds in antipar-
allel �-sheets and/or fibrils is absent. Aging of the samples
(three months) did not result in different FTIR spectra. Gel
formation in this case is not a result of fibril formation but
probably due to aspecific hydrophobic interactions.
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Figure 1. Rationale for the design of �-sheet breaker
peptides based on human Amylin(20 ± 29). For R1 ±R10


see Figure 2. A : formation and further growth of an
antiparallel �-sheet as occurs with unmodified amy-
lin(20 ± 29); B : a backbone-modified amylin(20 ± 29)
derivative is added that ultimately alters the hydrogen
bond pattern as a result of either sterical hindrance or
absence of an essential hydrogen bond as is shown in C :
further growth of the antiparallel �-sheet is then
prevented due to an improper hydrogen bonding net-
work by the �-sheet breaker peptide.


Table 1. Gelation and fibril formation of the peptides.


Peptide Mass Gelation[a] Fibrils[b] Morphology[b] FTIR[c] [cm�1] Inhibition of gelation
[M�H]� 1 :peptide 1:1 w/w


1 1008.51[d] � 10 min yes infinite length 1629(s); 1639(w); 1671(w) no
1008.50[e] width: 10 nm


6 h[f] yes infinite length 1629(s); 1639(w); 1671(w) no
width: 10 nm


2 978.63[d] � 10 min yes infinite length 1628(s); 1647(w); 1670(w) no
978.50[e] width: 10 nm


3 1034.30[d] � 10 min yes length: � 100 nm 1631(s); 1644(w); 1669(w) no
1034.56[e] width: 6 nm


4 1008.38[d] 2 h yes infinite length 1632(s); 1647(w); 1667(w) not determined
1008.50[e] width: 10 nm


5 979.45[d] 24 h suppressed infinite length 1629(w); 1645(s); 1672(s) not determined
979.48[e] width: 10 nm 1747(s)


6 1064.64[d] no no no 1626(w); 1642(s); 1674(s) 1�6 (10 mgmL�1): 2 h
1064.57[e]


7 1034.45[d] no no small aggregates 1628(w); 1644(s); 1672(s) 1�7 (10 mgmL�1): 2 d
1034.45[e] 1�7 (5 mgmL�1): 7 d


8 1018.53[d] no no no 1626(w); 1642(s); 1674(s) not determined
1018.78[e]


[a] 10 mgmL�1 in 0.1% TFA/H2O at 20 �C; [b] viewed under EM at 10 mgmL�1 in 0.1% TFA/H2O at 20 �C; [c] intensity of the IR signals, s: strong, m:
moderate, w: weak; [d] found mass value; [e] calculated mass value; [f] 5 mgmL�1 in 0.1% TFA/H2O at 20 �C.
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An alternative, albeit important approach to remove the
N-H hydrogen bond donor, is alkylation of the amide
nitrogen. Several studies from the literature exist in which
N-methylated amino acids have been used to disrupt �-sheet
formation. Site-specific N-alkylation and peptoid derivatives,
however, allow us to introduce an alkyl chain of choice at any
position in the peptide sequence, that is tuning steric bulk that
is unfavorable for �-sheet packing. Therefore compounds 6
and 7 were prepared (Schemes 2 and 3)with an N-alkylated


serine and an N-alkylated gly-
cine (peptoid) residue, respec-
tively.


Furthermore, serine 28 was
replaced by a proline residue
leading to 8, which by virtue of
the ring structure does not have
an N-H available for hydrogen
bonding. An additional feature
of a proline moiety is the ability
to promote a �-turn. Gel for-
mation of these three amylin
derivatives was not observed
even after three months! Fibrils
of peptides 6 and 8 could not be
observed by EM. However,
some largely unstructured ag-
gregates, very different from
the classical amyloid fibril mor-
phology, were observed with 7
(Figure 3). FTIR was in agree-
ment with the EM pictures
since the strongest absorbance


was at 1644 cm�1; this indicates a random conformation
(Table 1). This observation was in accordance with the
literature data with respect to 8.[8] Clearly, absence of gel
formation was indicative for absence of fibril formation. It
was shown that peptide ± peptoid hybrid 7 was capable of
inhibition of gel formation of native amylin(20 ± 29), thereby
acting as a �-sheet breaker peptide.[11]


In conclusion, we have shown that the presence of a single
N-H hydrogen bond donor is crucial for gel formation and
aggregation into fibrils of human amylin(20 ± 29), which can
be visualized by EM. At the basis of this fibril formation is the
formation of �-sheets which can be observed by FTIR.
However, merely replacement of the N-H by an oxygen (a
hydrogen-bond acceptor) is not sufficient to suppress fibril
formation completely, as was show by depsipeptide 5.


Nevertheless, the absence of a single hydrogen bond donor
rather than a putative induced �-turn is sufficient to retard
amyloid fibrillogenesis. In order to obtain compounds which
are capable of interfering with the formation of �-sheets the
best approach seems to be site-specific alkylation of the amide
nitrogen. This allows to probe which amide moiety of the
amino acid sequence is the most sensitive to N-alkylation by
introduction of steric bulk unfavorable for �-sheet packing.


Experimental Section


Instruments and methods : The peptides were synthesized on an Applied
Biosystems 433A Peptide Synthesizer. Analytical and preparative HPLC
runs were performed on a Gilson HPLC workstation. Electrospray
ionization mass spectrometry was performed on a Micromass Platform II
single quadrupole bench-top mass spectrometer operating in a positive
ionization mode. Liquid chromatography electrospray ionization mass
spectrometry was measured on a Shimadzu LCMS-QP8000 single quadru-
pole bench-top mass spectrometer operating in a positive ionization mode.
Electron microscopy was performed on a Jeol 1200 EX transmission
electron microscope. Fourier transform infrared spectra were measured on
a BioRad FTS 6000 spectrophotometer. 1H NMR spectra were recorded on
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Figure 2. The designed amylin(20 ± 29) derivatives as novel �-sheet breaker peptides.


Figure 3. EM pictures of amylin peptides, A: 1; B: 5 and C:7. Magnifica-
tion: 20000� .
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a Varian G-300 (300.1 MHz) spectrometer and chemical shifts are given in
ppm (�) relative to TMS. 13C NMR spectra were recorded on a Varian
G-300 (75.5 MHz) spectrometer and chemical shifts are given in ppm
relative to CDCl3 (77.0 ppm). The 13C NMR spectra were recorded using
the attached proton test (APT) sequence. Rf values were determined by
thinlayer chromatography (TLC) on Merck pre-coated silicagel 60 F254


glass plates. Spots were visualized by UV quenching, ninhydrin or Cl2/
TDM.[15] Melting points were measured on a B¸chi Schmelzpunktbestim-
mungsapparat (according to Dr. Tottoli) and are uncorrected. Elemental
analyses were done by Kolbe Mikroanalytisches Labor (M¸hlheim an der
Ruhr, Germany).


Chemicals and reagents : ArgoGel Rink-NH-Fmoc resin functionalized
with a 4-((2�,4�-dimethoxyphenyl)aminomethyl)phenoxyacetamido moiety
(Rink amide linker)[16] was used in all the syntheses. The coupling reagents


2-(1H-benzotriazol-1-yl)-1,1,3,3-tet-
ramethyluronium hexafluorophos-
phate (HBTU)[17] and benzotriazol-
1-yl-oxy-tris-(dimethylamino)phos-
phonium hexafluorophosphate
(BOP)[18] were obtained from Riche-
lieu Biotechnologies; N-[(dimethyl-
amino)-1H-1,2,3-triazole[4,5-b]pyri-
din-1-yl-methylene]-N-methylme-
thanaminium hexafluorophosphate
N-oxide (HATU)[19] and 1-hydroxy-
7-azabenzotriazole (HOAt)[19] were
obtained from Applied Biosystems.
N-Hydroxybenzotriazole (HOBt)
and N �-9-fluorenylmethyloxycar-
bonyl (Fmoc) amino acids were ob-


tained from Advanced ChemTech.
The side chain protecting groups
were chosen as: tBu: tert-butyl, for
serine and Trt: trityl, for asparagine.
Peptide grade dichloromethane
(CH2Cl2), 1,2-dichloroethane
(DCE), tert-butyl methyl ether
(MTBE), N-methylpyrrolidone
(NMP), trifluoroacetic acid (TFA)
and HPLC grade acetronitrile were
purchased from Biosolve. Piperidine,
4-(N,N-dimethylamino)pyridine
(DMAP), N,N-diisopropylethyl-
amine (DIPEA), sym-collidine, tri-
ethylamine (TEA) and triphenyl-
phosphine were obtained from Acros
Organics. Triisopropylsilane (TIS),
1,2-ethanedithiol (EDT) and HPLC
grade TFA were obtained from
Merck. Diisopropyl azodicarboxy-
late (DIAD), N,N�-diisopropylcarbo-
diimide (DIC) and 2-nitrobenzene-


sulfonyl chloride (oNBS-Cl) were purchased from Aldrich. Glycolic acid,
�-mercaptoethanol and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were
purchased from Fluka.


Peptide synthesis (general procedure): Peptides 1 ± 4, and 8 were synthe-
sized using the FastMoc protocol on a 0.25 mmol scale[20] on Argogel Fmoc-
Rink-amide resin to obtain C-terminally amidated peptides.[16] Each
synthetic cycle consisted of N �-Fmoc removal by a 10 min treatment
with 20% piperidine in NMP, a 6 min NMP wash, a 45 min coupling
step with 1.0 mmol of preactivated Fmoc amino acid in the presence of
two equivalents DIPEA, and a 6 min NMP wash. N �-Fmoc amino acids
were activated in situ with 1.0 mmol HBTU/HOBt (0.36� in NMP) in
the presence of DIPEA (2.0 mmol). The peptides were detached from
the resin and deprotected by treatment with TFA/H2O/EDT)/TIS
85:8.5:4.5:2 v/v/v/v for 3 h. The peptides were precipitated with MTBE/
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hexane 1:1 v/v at�20 �C and finally lyophilized from tert-butyl alcohol/H2O
1:1 v/v.


Depsipeptide 5 : a) Preparation of O-tritylglycolic acid: Trt-Cl (5.79 g,
20.73 mmol) was mixed with SOCl2 (1 mL, 13.7 mmol) in CH2Cl2 (100 mL)
to convert any residual tritylalcohol into the corresponding chloride. After
1 h of stirring the reaction mixture was evaporated in vacuo and
coevaporated with CH2Cl2 to remove any residual SOCl2. Glycolic acid
(1.67 g, 22 mmol) and TEA (11.12 mL, 80 mmol) were dissoved in CH2Cl2
(50 mL) and cooled on ice. Trt-Cl was dissolved in CH2Cl2 (50 mL) and
added dropwise to the cooled solution. The reaction mixture was stirred for
1 h on ice followed by 16 h at room temperature. Subsequently, the reaction
mixture was acidified with 1� KHSO4 to a final pH of 3. The resulting
organic layer was subsequently washed with brine (2� 30 mL) dried with
MgSO4 and concentrated under reduced pressure. The resulting oil slowly
crystallized. O-Tritylglycolic acid was purified by recrystallization from
CH2Cl2/hexane (6.16 g, 88%). M.p. 131 ± 133 �C; Rf� 0.15 (CH2Cl2/MeOH
9:1 v/v), 0.54 (CHCl3/MeOH/AcOH 95:20:3 v/v/v), 0.88 (CHCl3/MeOH/
25% NH4OH 60:45:20 v/v/v); 1H NMR (300 MHz, CDCl3): �� 7.46 ± 7.44
(m, 6H; arom Trt), 7.33 ± 7.28 (m, 9H; arom Trt), 3.88 (s, 2H; CH2);
13C NMR (75 MHz, CDCl3): �� 175.23 (C�O), 142.87 (qC arom), 128.46
(CH arom), 128.07 (CH arom), 127.40 (CH arom), 87.73 (qC), 62.02 (CH2);
EI-MS (50 eV): m/z (%): 317.15 (100) [M�H]� ; elemental analysis calcd
(%) for C21H18O3 (318.13): C 79.22, H 5.70; found: C 78.98, H 5.80.


b) Incorporation into the peptide: O-Tritylglycolic acid (318 mg, 1 mmol)
was coupled for 2 h to H-Ser(tBu)-NH-Rink-amide resin (0.25 mmol) with
BOP (442 mg, 1 mmol)/HOBt (153 mg, 1 mmol) and DIPEA (348 �L,
2 mmol) in NMP (10 mL). The trityl functionality was removed by
treatment with TFA/TIS/CH2Cl2 1:5:94 v/v/v (6� 1 min). Triisopropylsilane
was added to scavenge the tritylcation. Fmoc-Leu-OH (353 mg, 1 mmol)
was coupled to the primary hydroxyl group with DIC (313 �L, 2.0 mmol)/
HOBt (612 mg, 4.0 mmol)/DMAP (122 mg, 1.0 mmol) in NMP (10 mL) for
16 h.[21] The coupling yield of Fmoc-Leu-OH as calculated from an Fmoc
determination was 70%.[22] The synthesis of depsipeptide 5 was completed
as is described in the general procedure.


N-Butylated Ser28 peptide 6 : N-Butylation of the amino functionality of
Ser28 was carried out by using our site specific alkylation method.[23] Fmoc-
Ser(tBu)-Ser(tBu)-NH-Rink-amide resin (0.25 mmol) was treated with
20% piperidine in DMF (3� 8 min, 10 mL) and subsequently washed with
DMF (5� 10 mL) and CH2Cl2 (3� 10 mL). The resulting amino function-
ality was reacted for 2 h with oNBS-Cl (337 mg, 1.25 mmol) in DCE
(10 mL) with sym-collidine (400 �L, 2.50 mmol) as the base. After washing
with CH2Cl2 (6� 10 mL) the resulting sulfonamide was treated with
triphenylphosphine (399 mg, 1.25 mmol), 1-butyl alcohol (278 �L,
2.50 mmol) and DIAD (299 �L, 1.25 mmol) in DCE (10 mL) during
90 min. Subsequently, the resin was extensively washed with CH2Cl2 (3�
10 mL) and DMF (6� 10 mL). The oNBS-functionality was removed by
treatment with 0.5� �-mercaptoethanol in DMF (5.0 mL, 2.50 mmol) in
the presence of DBU (227 �L, 1.25 mmol) during 30 min. After washing
with DMF (6� 10 mL) and CH2Cl2 (3� 10 mL), the secondary amine was
coupled to Fmoc-Leu-OH (537 mg, 1.25 mmol) using HATU (578 mg,
1.25 mmol) as a coupling reagent in neat sym-collidine (10 mL) for 16 h.[24]


After washing the resin with DMF (5� 10 mL), CH2Cl2 (5� 10 mL),
2-propanol (3� 10 mL) and diethyl ether (3� 10 mL), the coupling yield
was determined by an Fmoc determination and was found to be 82%.[22]


The synthesis of the peptide was completed as described in the general
procedure mentioned above.


Peptoid ± peptide hybrid 7: The synthesis of the peptoid monomer Fmoc-
norleucine (Fmoc-NNle-OH) was carried following the procedure of
Kruijtzer et al.[25] Fmoc-NNle-OH: m.p. 113 ± 115 �C; Rf� 0.36 (CH2Cl2/
MeOH 9:1 v/v), 0.69 (CHCl3/MeOH/AcOH 95:20:3 v/v/v); 1H NMR
(300 MHz, CDCl3): �� 7.77 ± 7.24 (brm, 8H; arom Fmoc), 4.57 ± 4.43 (m,
2H; CH2 Fmoc), 4.26 ± 4.18 (m, 1H; CH Fmoc), 4.00/3.86 (ds, 2H; �-CH2),
3.30 ± 3.15 (dt, 2H; �-CH2), 1.50 ± 1.10 (brm, 2� 2H; �-CH2/�-CH2), 0.87
(dt, 3H; �-CH3); 13C NMR (75 MHz, CDCl3): �� 175.19 (CO-OH), 156.68
(O-CO-NH), 143.81 (qC arom), 141.23 (qC arom), 127.61 (CH arom),
126.99 (CH arom), 124.76 (CH arom), 119.88 (CH arom), 67.42 (CH2


Fmoc), 48.87 (�-CH2), 47.19 (CH Fmoc), 30.20 (�-CH2), 25.37 (CH2),
19.82 (CH2), 13.75 (�-CH3); EI-MS (50 eV): m/z (%): 376.05 (100)
[M�Na]� ; elemental analysis calcd (%) for C21H23NO4 (353.17): C 71.37,
H 6.56, N 3.96; found: C 71.40, H 6.63, N 3.93.


Fmoc-NNle-OH was coupled to H-Ser(tBu)-NH-Rink-amide resin
(0.25 mmol)in the presence of HBTU (378 mg, 1.0 mmol)/HOBt (158 mg,
1.0 mmol) and DIPEA (354 �L, 2 mmol) in NMP (10 mL) for 45 min. After
removal of the Fmoc group, Fmoc-Leu-OH (353 mg, 1.0 mmol) was
coupled to the resulting secondary amine with HATU (380 mg, 1.0 mmol)/
HOAt (136 mg, 1.0 mmol) and DIPEA (354 �L, 2 mmol) in NMP (10 mL)
for 90 min. After this coupling step the synthesis was completed as
described in the general procedure.


Peptide purification :[26] The crude lyophilized peptides (30 ± 60 mg) were
dissolved in a minimum amount of 0.1% TFA in CH3CN/H2O 8:2 v/v and
loaded onto an Adsorbosphere XL C8 HPLC column (90 ä pore size,
10 �m particle size, 2.2� 25 cm). The peptides were eluted with a flow rate
of 10.0 mLmin�1 using a linear gradient of buffer B (100% in 60 min) from
100% buffer A (buffer A: 0.1% TFA in H2O, buffer B: 0.1% TFA in
CH3CN/H2O 95:5 v/v). The purities were evaluated by analytical HPLC on
an Adsorbosphere XL C8 column (90 ä pore size, 5 �m particle size,
0.46� 25 cm) at a flow rate of 1 mLmin�1 using a linear gradient of buffer B
(100% in 30 min) from 100% buffer A (buffer A: 0.1% TFA in H2O;
buffer B: 0.1% TFA in CH3CN/H2O 95:5 v/v).


Peptide characterization : The peptides were characterized by mass
spectrometry. The mass of each analogue was measured and the observed
monoisotopic [M�H]� values were correlated with the calculated [M�H]�


values using MacBioSpec (Perkin Elmer Sciex Instruments, Thornhill,
Ontario, Canada).


Gelation experiments : Each peptide (10 mg) was dissolved in 0.1% TFA/
H2O (1 mL) at 25 �C. The aggregation state was determined by eye at
regular time intervals by tilting the test tube and check if the solution still
flowed. If no flow was observed, gelation was said to have taken place.


Transmission electron microscopy : A peptide gel/solution aged for one
week (10 �L) was placed on a carbon coated copper grid. After 2 min, any
excess was removed by blotting the copper grid on a drop of demi-water.
Finally, the samples were stained with methylcellulose/uranyl acetate and
dried in air. The samples were visualized under a Jeol 1200 EX transmission
electron microscope operating at 60 kV. The magnification ranged from
20000 to 100000� .


Fourier transform infrared spectroscopy : A peptide gel/solution aged for
one week (250 �L) was lyophilized and subsequently resuspended in D2O
(100 �L) and lyophilized. Lyophilization fromD2O was repeated twice. The
lyophilized peptide were dried over P2O5 in high vacuum for 24 h. A
peptide sample was mixed with KBr and pressed into a pellet. IR spectra
were recorded on a BioRad FTS6000. The optical chamber was flushed
with dry nitrogen for 5 min before data collection started. The interfero-
grams from 1000 scans with a resolution of 2 cm�1 were averaged and
corrected for H2O and KBr.
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Lewis Acid Mediated Reactions of Zirconacyclopentadienes with Aldehydes:
One-Pot Synthetic Route to Indene and Cyclopentadiene Derivatives from
Aldehydes and Benzyne or Alkynes


Changjia Zhao, Pixu Li, Xiaoyu Cao, and Zhenfeng Xi*[a]


Abstract: One-pot procedures for the preparation of highly substituted indenes,
tetrahydroindenes, and cyclopentadienes have been developed by using a combina-
tion of zirconocene-mediated C�C-bond-forming reactions with Lewis acid mediated
activation of carbonyl groups. The carbonyl groups of aldehydes were deoxygenated
in the reaction and behaved formally as a one-carbon unit. A variety of Lewis acids
were checked and showed different reactivities in this reaction.


Keywords: aldehydes ¥ cyclopenta-
dienes ¥ Lewis acids ¥ synthetic
methods ¥ zirconium


Introduction


Synthetic methodologies involving multicomponent systems
have attracted increasing interest.[1] Classical Lewis acids such
as AlCl3, BF3, TiCl4, and SnCl4 have been widely used in
organic synthesis.[2] Indeed, some of the most remarkable
advances in organic synthesis methodology have been devel-
oped with the aid of Lewis acids. On the other hand,
transition-metal-mediated C�C-bond-forming reactions have
become another most powerful tool in organic synthesis.[3, 4] In
this context, an effective combination of these two powerful
protocols or an efficient cooperation of organometallic
compounds with Lewis acids, especially with the above
mentioned most often encountered classical ones, should
open a new route to useful synthetic methodologies.[1, 5, 6]


Recently, we applied this strategy by adding AlCl3 to
reaction mixtures of zirconacyclopentadienes with alde-
hydes;[7] cyclopentadiene derivatives were formed in one-
pot reactions from two molecules of alkyne and one molecule
of aldehyde, by means of deoxygenative cycloaddition of the
aldehyde with the alkynes.[8] As demonstrated in Scheme 1,
tetrapropylzirconacyclopentadiene (1a),[9] formed in situ in
quantitative yield using Negishi×s method, does not react with
aldehydes.[4] Addition of AlCl3, the most common classical
Lewis acid, to the above mixture of 1a with PrCHO caused an
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Scheme 1. AlCl3-mediated reactions of zirconacyclopentadienes with
aldehydes. a) Negishi reagent [Cp2ZrBu2]; b) PrCHO; b�) PrCHO� AlCl3.


immediate reaction, affording cyclopentadiene 2a in 92%
yield. Tilley and co-workers have recently demonstrated that
Lewis acids can dramatically improve the yields of N-phenyl-
pyrroles from the insertion intermediates of PhNO into
zirconacyclopentadienes.[5a] Reaction of zirconacyclopenta-
dienes with diethyl ketomalonate in the presence of BiCl3 to
form six-membered oxacyclohexadienes was recently report-
ed by Takahashi and co-workers.[5d] These novel reactions
demonstrate that the combination of transition-metal-medi-
ated C�C-bond-forming reactions with Lewis acid mediated
organic transformation in one pot can result in new and useful
synthetic methodologies. In this full investigation, we report
1) effects of various Lewis acids on the reactions of
zirconacyclopentadienes with aldehydes; BF3 was found to
be about as effective as AlCl3, while other Lewis acids such as
TiCl4, SnCl4, FeCl3, and WCl6 polymerize zirconacyclopenta-
dienes or cyclopentadienes; 2) mechanistic aspects; 3) one-
pot preparation of cyclopentadiene derivatives from two
alkynes and one aldehyde; 4) one-pot preparation of indene


[a] Prof. Dr. Z. Xi, C. Zhao, P. Li, X. Cao
Key Laboratory of Bioorganic Chemistry
and Molecular Engineering of Ministry of Education
College of Chemistry and Molecular Engineering
Peking University, Beijing 100871 (China)
Fax: (�86)10-62751708
E-mail : zfxi@pku.edu.cn


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author. Copies of 1H and
13C NMR spectra for new compounds.


FULL PAPER


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4292 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 184292







4292±4298


Chem. Eur. J. 2002, 8, No. 18 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4293 $ 20.00+.50/0 4293


derivatives from one molecule of in situ generated benzyne,
one normal alkyne, and one aldehyde.


Results and Discussion


Effects of different Lewis acids on the reactions of zircona-
cyclopentadienes with aldehydes : We previously found that
AlCl3 was effective for the deoxygenative cycloaddition of
aldehydes with zirconacyclopentadienes.[7] The quality of
AlCl3 has a very remarkable effect on the formation of
cyclopentadienes; freshly sublimed AlCl3 should be used. To
investigate the scope of this reaction and to find more
convenient Lewis acids, we experimented with various Lewis
acids. The results are summarized in Table 1.
In addition to AlCl3, other Lewis acids such as AlBr3,


AlEtCl2, BF3, and Sc(CF3SO3)3 are also effective for the
above reactions, generally resulting in relatively lower yields
of cyclopentadiene derivatives. When AlCl3 was used, two


equivalents of AlCl3 were found to be best for high-yield
formation of cyclopentadiene derivatives; a lower temper-
ature (�30 �C) should be used in the case of aliphatic
aldehydes to ensure clean and high-yield formation of
products, whereas room temperature is suitable for aromatic
aldehydes to afford products in high yields. In contrast, when
BF3 is used the reaction temperature should be higher. One
equivalent of BF3 is enough to afford the product in a good
yield in case of aromatic aldehydes, whilst at least two
equivalents of BF3 should be used for aliphatic aldehydes.
Only aldehydes could be used for the aforementioned
reactions; ketones did not undergo the above reactions under
reaction conditions used here.
Some Lewis acids were found to polymerize zirconacyclo-


pentadienes both in the presence and in the absence of
aldehydes even at �78 �C. Treatment of zirconacyclopenta-
dienes in the absence of aldehydes with SnCl4, FeCl3, and
WCl6 caused a fast disappearance of zirconacyclopentadienes;
in the presence of aldehydes, no formation of the desired
cyclopentadiene derivatives was observed, although some of
aldehydes disappeared. TiCl4 did not polymerize zirconacy-
clopentadienes at �78 �C, however it did polymerize the
products, cyclopentadiene derivatives, even at low temper-
atures. Formation of cyclopentadienes was observed at the
beginning. However as time passed, the zirconacyclopenta-
dienes disappeared; the cyclopentadiene derivatives did not
increase but eventually disappeared.


Aspects of reaction mechanisms : In a previous communica-
tion[7] we proposed that transmetallation of zirconacyclopen-
tadienes to aluminacyclopentadienes is a critical step for the
formation of cyclopentadienes.[10] However, further investi-
gation shows that many other Lewis acids, which cannot
undergo transmetalation, also promote the above reactions as
AlCl3 does. Therefore, although we cannot exclude the
transmetallation step in case of AlCl3, a different reaction
mechanism is assumed to be more likely for other Lewis acids.
It is known that isonitrile[11] and nitrosobenzene[5a] can
undergo insertion reactions into the Zr�C bond of zircona-
cycles, including zirconacyclopentadienes, to form seven-
membered zirconacycles, which have different NMR data
from those of the parent zirconacyclopentadienes. In our
reaction, the 1H NMR chemical shift of the Cp ligands in
zirconacyclopentadienes did not change at all after treatment
with benzaldehyde for 1 h at room temperature, which
indicates that no insertion takes place in the reaction
mixtures. Therefore, the reaction mechanism must be differ-
ent from those for the Lewis acid mediated reaction of
zirconacyclopentadienes with nitrosobenzene proposed by
Tilley and co-workers or with diethyl ketomalonate proposed
by Takahashi and co-workers.[5]


As given in Scheme 2, two pathways are proposed for
reactions of the aldehyde ±Lewis acid adduct with zirconacy-
clopentadienes 1.[2a] The transmetalation path shown in path a
affords 2�, such as aluminacyclopentadienes, followed by
insertion of the carbonyl group into the Al�C bond to form
the oxo aluminum species 3.[5] Path b in Scheme 2 forms the
oxazirconacyles 5, which finally afford cyclopentadienes 2
along with the adduct 6 of zirconocene oxide with Lewis acid.


Abstract in Chinese:


Table 1. Effects of various Lewis acids on the deoxygenative cyclization of
aldehydes with zirconacyclopentadienes.


ZrCp2


Pr
Pr


Pr
Pr


Pr
Pr


Pr
Pr


R
RCHO


2a: R = Pr


2b: R = Ph


Lewis acid


1a


Entry Lewis
acids


Equi-
valents


Conditions Yield [%] Conditions Yield [%]
for PrCHO of 2a[a] for PhCHO of 2b[a]


T [�C] t [h] T [�C] t [h]


1 AlCl3 0.5 � 30 6 8 RT 3 13
2 AlCl3 1 � 30 3 47 RT 3 65
3 AlCl3 2 � 30 1 92 (88) RT 1 89 (65)
4 AlBr3 2 � 30 1 94 RT 1 76
5 AlBr3 2 RT 1 75 50 1 54
6 AlEtCl2 2 RT 1 55 RT 1 71
7 BF3 0.5 70 3 trace 80 3 16
8 BF3 1 70 3 19 80 3 76
9 BF3 2 RT 3 57 RT 3 51
10 BF3 2 70 3 64
11 BF3 4 70 3 73
12 ZnCl2 2 RT 3 trace RT 3 trace
13 ZnCl2 2 70 3 trace 50 3 10
14 Sc(CF3SO3)3 0.5 RT 1 12 RT 1 13
15 Sc(CF3SO3)3 1 RT 1 54 RT 1 21


[a] GC yields. Yields of isolated products are given in parentheses.
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path a


Cp2ZrCl2


[ClAl=O]n
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2'


32


4


52
6


Scheme 2. Proposed reaction mechanisms.


One-pot synthesis of cyclopentadiene derivatives : Cyclopen-
tadiene derivatives are very important compounds.[12] Syn-
thetically useful preparation methods for highly substituted
cyclopentadienes are thus in demand.[12] The reaction report-
ed here represents a general and convenient route to highly
substituted cyclopentadienes (Scheme 3), by means of a


ZrCp2


R'
R


R
R'


R'
R


R
R'


R"
R'R


R'R


1 2a-f


+
a) b)


Scheme 3. One-pot synthesis of cyclopentadiene derivatives from two
molecules of alkyne and one aldehyde. a) [Cp2ZrBu2], �78 �C to room
temperature, 1 h; b) two equivalents of aldehyde and two equivalents of
AlCl3, room temperature, 1 h for aromatic aldehydes; �30 �C, 1 h for
aliphatic aldehydes; two equivalents of aldehyde and two equivalents of
BF3, 70 �C, 3 h.


successful combination of zirconocene-mediated C�C-bond-
forming reactions with Lewis acid mediated organic trans-
formations. In this reaction, an aldehyde behaves formally as a
C1 unit.[13] Results are shown in Table 2. Both BF3 and AlCl3
demonstrate high abilities to mediate the reaction. Aromatic
as well as aliphatic aldehydes could be used to prepare
cyclopentadienes with various substituents.


One-pot synthesis of tetrahydroindene derivatives : Similarly,
the above reaction can be also used for the preparation of
tetrahydroindene derivatives when a diyne is used


ZrCp2


R


R


R


R


R'


R


R


1 2g-k


a) b)


Scheme 4. One-pot synthesis of tetrahydroindene derivatives from one
diyne and one aldehyde. a) [Cp2ZrBu2], �78 �C to room temperatures, 1 h;
b) two equivalents of aldehyde and two equivalents of AlCl3, room
temperature, 1 h for aromatic aldehydes; �30 �C, 1 h for aliphatic
aldehydes; two equivalents of aldehyde and two equivalents of BF3,
70 �C, 3 h.


(Scheme 4). Results are given in Table 3. Tetrahydroindene
derivatives 2g, 2 i, and 2 j were formed as the only products. In
the case of 2k, a mixture of three double bond positional
isomers in a ratio of 10:7:7 was obtained; a mixture of two
isomers in a ratio of 3:1 was obtained for 2h. Structures for the
major isomers are given in Table 3.


One-pot synthesis of indene derivatives : The development of
synthetically useful methods for substituted indenes has
attracted much attention.[12a, 14] After we successfully devel-


Table 2. One-pot synthesis of cyclopentadiene derivatives from two molecules of
alkyne and one aldehyde, mediated by Lewis acids and zirconocene.[a]


Entry Alkyne Aldehyde Lewis acid Product Yield [%][b]


1 AlCl3 92 (88)
PrPr PrCHO 2a


2 BF3 64 (45)
3 AlCl3 89 (65)


PrPr PhCHO Ph


Pr


Pr
Pr


Pr


2b


4 BF3 84 (62)
5 AlCl3 85 (60)


BuBu
S CHO S


Bu


Bu
Bu


Bu


2c


6 BF3 91 (76)
7 AlCl3 86 (67)


PrPr
S CHO S


Pr


Pr
Pr


Pr


2d[c]


8 BF3 95
9 AlCl3 (47)


PhPh PhCHO Ph


Ph


Ph
Ph


Ph


2e


10 BF3 (44)
11 AlCl3 (45)


MeMe PhCHO Ph


Me


Me
Me


Me


2 f


12 BF3 (30)


[a] Reaction conditions are given in Scheme 3. [b] GC yields. Yields of isolated
products are given in parentheses. [c] Two isomers in 10:1.
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oped the above one-pot preparation of cyclopentadiene
derivatives, we applied this strategy to the preparation of
substituted indenes. Treatment of [Cp2ZrPh2] with an alkyne
affords zirconaindene 7.[15] Addition of a Lewis acid and an
aldehyde to the reaction mixture gave substituted indenes in
good yields, as we expected (Scheme 5). This is the first


ZrCp2 R'R R


R
R


R
R


7 8


a) b)


Scheme 5. One-pot synthesis of indene derivatives from one benzyne, one
normal alkyne, and one aldehyde. a) [Cp2ZrPh2], 100 �C in toluene for 9 h;
b) two equivalents of aldehydes and two equivalents of AlCl3, room
temperature, 1 h for aromatic aldehydes; �30 �C, 1 h for aliphatic
aldehydes; two equivalents of aldehyde and two equivalents of BF3,
70 �C, 3 h.


example of a one-pot preparation of indene derivatives from
one benzyne, one alkyne, and one aldehyde. Results are given
in Table 4. It is interesting to compare the efficiencies of the
Lewis acids. For the preparation of cyclopentadienes and
tetrahydronindenes AlCl3 and BF3 show similar efficiency,


affording the products in similar yields. However, for the
preparation of indene derivatives, although the reason is not
clear, better yields in many cases were obtained when BF3 was
used.


Conclusion


New methods for the preparations of highly substituted
indenes, tetrahydroindenes, and cyclopentadienes have been
developed. This success indicates that the combination of
transition-metal-mediated C�C-bond-forming reactions with
Lewis acid mediated organic transformation is a powerful and
attractive tool for the development of novel and synthetically
useful methodologies. In addition, this reaction is the first
example of a one-pot preparation of cyclopentadienes from
three components by deoxygenation of the C�O double bond
of aldehydes.


Experimental Section


General : Unless otherwise noted, all starting materials were commercially
available and were used without further purification. All reactions
involving organometallic compounds were run under a slightly positive
pressure of dry N2 with use of standard Schlenk techniques. Diynes were
prepared by using conventional methods. Zirconocene dichloride was
obtained from Nichia. Boron trifluoride diethyl etherate (BF3 ¥ Et2O) was
purchased from Aldrich, nBuLi and PhLi from Kanto Chemicals. Toluene
was refluxed and distilled from sodium benzophenone ketyl under a
nitrogen atmosphere. Aluminum chloride (AlCl3) was used after sublima-
tion.
1H and 13C NMR spectra were recorded on a JEOL-300MHz spectrometer.
IR spectra were recorded as neat liquids. GLC analysis was performed on a
gas chromatograph (Shimadzu 14B) equipped with a flame ionization
detector and a capillary column (CBP1-M25 ± 25). GLC yields were
determined using suitable hydrocarbons as internal standards. IR spectra
were recorded on a Bruker Vector 22 FT-IR spectrometer.


General procedure for the preparation of cyclopentadienes (2a ± f): A
monoyne (4.0 mmol) was added into a toluene solution of [Cp2ZrBu2]
(Negishi reagent),[9] prepared in situ from [Cp2ZrCl2] (2.0 mmol, 0.58 g)
and nBuLi (4.0 mmol, 2.6 mL, 1.60� hexane solution) in toluene (15 mL)
at �78 �C. The reaction mixture was then stirred at room temperature for
1 h to afford zirconacyclopentadiene. An aldehyde (4.0 mmol) and AlCl3
(4.0 mmol, 0.54 g), BF3 ¥ Et2O (4.0 mmol), or other Lewis acids were added
to this solution. When AlCl3 was used, for aromatic aldehydes the reaction
mixture was stirred at room temperature for 1 h; for aliphatic aldehydes the
reaction mixture was stirred at �30 �C for 1 h. When BF3 was used, the
reaction mixture was stirred at 70 �C for 3 h for both aliphatic and aromatic
aldehydes. Hydrolysis with 3� HCl followed by normal work up and
column chromatography afforded the products.


1,2,3,4,5-Pentapropylcyclopentadiene (2a): Colorless liquid. AlCl3: yield
86% (474 mg), GC yield 92%; BF3: yield 45% (249 mg), GC yield 64%;
1H NMR (CDCl3, Me4Si): �� 0.79 ± 0.94 (m, 17H), 1.29 ± 1.59 (m, 10H),
2.03 ± 2.30 (m, 8H), 2.86 ppm (t, J� 6.6 Hz, 1H); 13C NMR (CDCl3,
Me4Si): �� 14.32, 14.41, 14.68, 16.41, 23.87, 24.10, 27.93, 29.01, 30.46, 50.95
(CH), 139.73, 141.43 ppm; HRMS calcd for C20H36 276.2817, found
276.2820; IR (neat): �� � 2957, 2930, 2871, 1650, 1464, 1375, 1090 cm�1.


1-Phenyl-2,3,4,5-tetrapropyl-1,3-cyclopentadiene (2b): Colorless liquid.
AlCl3: yield 65% (404 mg), GC yield 89%; BF3: yield 62% (385 mg),
GC yield 84%; 1H NMR (CDCl3, Me4Si): �� 0.77 ± 1.02 (m, 14H), 1.30 ±
1.62 (m, 8H), 2.02 ± 2.44 (m, 6H), 3.61 (t, J� 6.4 Hz, 1H), 7.10 ± 7.38 ppm
(m, 5H); 13C NMR (CDCl3, Me4Si): �� 14.50 (3CH3), 14.58 (CH3), 16.18
(CH2), 23.70, 23.96, 24.05, 27.86, 28.69, 29.12, 30.57, 52.69 (CH), 125.38,
128.02, 128.46, 137.96, 140.61, 141.76, 142.45, 144.33 ppm; HRMS calcd for
C23H34 310.2661, found 310.2656; IR (neat): �� � 3063, 3030, 2966, 2925,
2873, 1704, 1493, 1456, 1378, 1074, 761, 702 cm�1.


Table 3. One-pot synthesis of tetrahydroindene derivatives from one diyne and one
aldehyde, mediated by Lewis acids and zirconocene.[a]


Entry Diyne Aldehyde Lewis acid Product Yield [%][b]


1 AlCl3 95 (66)


Pr


Pr


S CHO


Pr


Pr
S


2g


2 BF3 92
3 AlCl3 85 (65)


Pr


Pr
PrCHO Pr


Pr


Pr


2h[c]


4 BF3 90
5 AlCl3 89 (70)


Pr


Pr
PhCHO Ph


Pr


Pr


2 i


6 BF3 79 (59)
7 AlCl3 45 (33)


Ph


Ph


S CHO


Ph


Ph
S


2 j


8 BF3 65
9 AlCl3 90 (72)


Ph


Ph
PrCHO Pr


Ph


Ph


2k[d]


10 BF3 69


[a] Reaction conditions are given in Scheme 4. [b] GC yields. Yields of isolated
products are given in parentheses. [c] A mixture of two isomers in 3:1. [d] Amixture
of three isomers in 10:7:7.







FULL PAPER Z. Xi et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4296 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 184296


1-Thienyl-2,3,4,5-tetrabutyl-1,3-cyclopentadiene (2c): Colorless liquid.
AlCl3: yield 60% (446 mg), GC yield 85%; BF3: yield 76% (565 mg),
GC yield 91%; 1H NMR (CDCl3, Me4Si): �� 0.68 ± 0.95 (m, 12H), 1.02 ±
1.77 (m, 14H), 2.05 ± 2.50 (m, 4H), 3.34 (t, J� 4.2 Hz, 1H), 6.84 (d, J�
3.3 Hz, 1H), 7.00 ± 7.02 (m, 1H), 7.16 ppm (d, J� 5.1 Hz, 1H); 13C NMR
(CDCl3, Me4Si): �� 13.95, 13.99, 14.02, 14.09, 22.98, 23.02, 23.04, 23.21,
24.63, 25.31, 26.65, 26.87, 29.02, 32.00, 32.95, 52.92, 122.69, 123.26, 126.88,
134.16, 140.01, 140.92, 143.95, 144.76 ppm; HRMS calcd for C25H40S
372.2851, found 372.2855; IR (neat): �� � 3071, 2966, 2929, 2859, 1464, 1378,
1224, 1102, 847, 819, 687 cm�1.


1-Thienyl-2,3,4,5-tetrapropyl-1,3-cyclopentadiene (2d): Colorless liquid.
Two double bond positional isomers in a ratio of 10:1. In the case of AlCl3:


GC yield 86%, yield 67% (423 mg). In
the case of BF3: GC yield 95%. NMR
data is given for the major isomer.
1H NMR (CDCl3, Me4Si): �� 0.66 ±
1.03 (m, 12H), 1.16 ± 1.77 (m, 8H),
2.07 ± 2.50 (m, 8H), 3.34 (t, J� 4.2 Hz,
1H), 6.84 (d, J� 3 Hz, 1H), 7.00 ± 7.03
(m, 1H), 7.16 ppm (d, J� 4.8 Hz, 1H);
13C NMR (CDCl3, Me4Si): �� 14.41,
14.45, 14.49, 14.54, 15.9, 23.22, 23.84,
23.91, 27.73, 29.10, 129.18, 31.80, 53.07,
122.76, 123.32, 126.91, 134.41, 139.99,
140.89, 143.83, 144.82 ppm; HRMS
calcd. for C21H32S 316.2225, found
316.2236; IR (neat): �� � 3079, 2958,
2925, 2861, 1712, 1509, 1464, 1377,
1089, 845, 817, 743, 689 cm�1.


1,2,3,4,5-Pentaphenylcyclopentadiene
(2e):[16] Colorless crystals. AlCl3: yield
47% (420 mg); BF3: yield 44%
(394 mg); m.p. 255 ± 257 �C; 1H NMR
(CDCl3, Me4Si): �� 5.0 (s, 1H), 6.82 ±
7.20 ppm (m, 25H); 13C NMR (C6D6,
Me4Si): �� 63.15 (CH), 126.56, 126.73,
126.86, 127.64, 127.85, 128.57, 128.65,
129.26, 130.30, 136.08, 136.43, 144.16,
147.03 ppm. These data are in agree-
ment with those previously report-
ed.[16]


1-Phenyl-2,3,4,5-tetramethyl-1,3-cy-
clopentadiene (2 f): Colorless liquid.
AlCl3: yield 45% (178 mg); BF3: yield
30% (119 mg); 1H NMR (CDCl3,
Me4Si): �� 1.02 (d, J� 7.4 Hz, 3H),
1.82 (s, 3H), 1.94 (s, 3H), 2.04 (s, 3H),
3.20 (m, 1H), 7.15 ± 7.50 ppm (m, 5H);
13C NMR (CDCl3, Me4Si): �� 11.10,
11.89, 12.68, 14.75, 50.05 (CH), 125.37,
128.07, 128.35, 134.99, 137.09, 140.67,
142.68 ppm; HRMS calcd for C15H18


198.1409, found 198.1410; IR (neat):
�� � 3055, 2966, 2928, 1716, 1447, 1377,
1072, 760, 701 cm�1.


General procedure for the preparation
of tetrahydroindenes (2g ± k): A diyne
(2.0 mmol) was added to the toluene
solution of [Cp2ZrBu2] (Negishi re-
agent),[9] prepared in situ from
[Cp2ZrCl2] (2.0 mmol, 0.58 g) and
nBuLi (4.0 mmol, 2.6 mL, 1.60� hex-
ane solution) in toluene (15 mL) at
�78 �C. The reaction mixture was then
stirred at room temperature for 1 h to
afford zirconacyclopentadiene. An al-
dehyde (4.0 mmol) and AlCl3
(4.0 mmol, 0.54 g) or BF3 ¥ Et2O
(4.0 mmol) were added to this solu-
tion. When AlCl3 was used, for aro-


matic aldehydes the reaction mixture was stirred at room temperature for
1 h; for aliphatic aldehydes the reaction mixture was stirred at �30 �C for
1 h. When BF3 was used, the reaction mixture was stirred at 70 �C for 3 h for
both aliphatic and aromatic aldehydes. Hydrolysis with 3�HCl followed by
normal work up and column chromatography afforded the products.


1,3-Dipropyl-2-thienyl-4,5,6,7-tetrahydroindene (2g): Colorless liquid.
AlCl3: yield 66% (377 mg), GC yield 95%; BF3: GC yield 92%; 1H NMR
(CDCl3, Me4Si): �� 0.72 (t, J� 7.2 Hz, 3H), 0.99 (t, J� 7.2 Hz, 3H), 1.26 ±
1.70 (m, 10H), 2.25 ± 2.54 (m, 6H), 3.24 (t, J� 4.2 Hz, 1H), 6.84 (d, J�
3.3 Hz, 1H), 7.00 ± 7.03 (m, 1H), 7.17 ppm (d, J� 4.8 Hz, 1H); 13 C NMR
(CDCl3, Me4Si): �� 14.30, 14.45, 16.65, 22.80, 22.94, 23.05, 23.10, 24.29,
28.73, 31.71, 54.55, 122.68, 123.28, 126.81, 134.07, 139.05, 139.80, 142.65,


Table 4. One-pot synthesis of indene derivatives from one benzyne, one normal alkyne, and one aldehyde,
mediated by Lewis acids and zirconocene.[a]


Entry Alkyne Aldehyde Lewis acid Product Yield [%][b]


1 AlCl3 67 (38)


BuBu
S CHO Bu


Bu


S


8a


2 BF3 72 (63)


3 AlCl3 60 (48)


PrPr
S CHO


Pr


Pr


S


8b


4 BF3 66 (55)


5 AlCl3 60 (42)


PrPr PhCHO Pr


Pr


Ph


8c


6 BF3 87 (60)


7 AlCl3 52 (39)


PrPr
MeO


CHO


Pr


Pr


Ph-OMe-4


8d


8 BF3 60


9 AlCl3 57 (44)


PrPr


Me


CHO
Pr


Pr


Tol


8e


10 BF3 80 (56)


11 AlCl3 47 (39)


PrPr


Cl


CHO


Pr


Pr


Ph-Cl-4


8 f


12 BF3 71 (51)


13 AlCl3 64 (45)


BuBu


Me


CHO
Bu


Bu


Tol


8g


14 BF3 90 (68)


15 AlCl3 50 (34)


BuBu PhCHO Bu


Bu


Ph


8h


16 BF3 72 (52)


[a] Reaction conditions are given in Scheme 5. [b] GC yields. Yields of isolated products are given in parentheses.







Lewis Acid Mediated Reactions of Zirconacyclopentadienes 4292±4298


Chem. Eur. J. 2002, 8, No. 18 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0818-4297 $ 20.00+.50/0 4297


142.86 ppm; HRMS calcd for C19H26S 286.1755, found 286.1762; IR (neat):
�� � 3079, 2958, 2930, 1714, 1456, 1377, 1042, 846, 693 cm�1.


1,2,3-Tripropyl-4,5,6,7-tetrahydroindene (2h): Colorless liquid. A mixture
of two double bond positional isomers in a ratio of 3:1. AlCl3: combined
yield 65% (320 mg), GC yield 85%; BF3: GC yield 90%; data are given for
the major isomer. 13C NMR (CDCl3, Me4Si): �� 14.28, 14.37, 14.42, 15.01,
24.08, 24.14, 24.20, 27.53, 27.90, 28.47, 28.72, 30.43, 52.48, 138.16, 139.03,
139.55, 141.27 ppm; HRMS calcd for C18H30 246.2348, found 246.2354; IR
(neat): �� � 2957, 2925, 2861, 1699, 1646, 1463, 1377, 1089, 745 cm�1.


1,3-Dipropyl-2-phenyl-4,5,6,7-tetrahydroindene (2 i): Colorless liquid.
AlCl3: yield 70% (392 mg), GC yield 89%; BF3: yield 59% (330 mg),
GC yield 79%. 1H NMR (CDCl3, Me4Si): �� 0.64 ± 0.94 (m, 8H), 1.44 ±
1.62 (m, 8H), 2.27 ± 2.35 (m, 6H), 3.31 (t, J� 5.2 Hz, 1H), 7.14 ± 7.34 ppm
(m, 5H); 13C NMR (CDCl3, Me4Si): �� 14.38, 14.45, 16.98, 23.21 (2CH2),
23.25, 23.36, 24.34, 28.48, 30.62, 54.08 (CH), 125.41, 128.04, 128.44, 137.71,
138.91, 141.47, 141.85, 142.32 ppm; HRMS calcd for C21H28 280.2191, found
280.2187; IR (neat): �� � 3063, 3022, 2958, 2870, 1711, 1599, 1492, 1454, 1377,
1032, 762, 701 cm�1.


1,3-Diphenyl-2-thienyl-4,5,6,7-tetrahydroindene (2 j): Colorless liquid.
AlCl3: yield 33% (234 mg), GC yield 45%; BF3: GC yield 65%; 1H NMR
(CDCl3, Me4Si): �� 1.29 (t, J� 7.2 Hz, 2H), 1.41 ± 2.33 (m, 6H), 4.31 (s,
1H), 6.64 ± 7.34 ppm (m, 13H); 13C NMR (CDCl3, Me4Si): �� 22.86, 23.37,
26.26, 29.70, 54.96, 123.30, 124.31, 125.51, 125.97, 126.02, 126.28, 126.39,
127.49, 128.06, 128.32, 128.66, 128.86, 129.36, 136.05, 140.08, 142.36 ppm;
HRMS calcd for C25H22S 354.1442, found 354.1409; IR (neat): �� � 3063,
3024, 2926, 2861, 1644, 1594, 1490, 1443, 1315, 1071, 1028, 698 cm�1.


1,3-Diphenyl-2-propyl-4,5,6,7-tetrahydroindene (2k): Colorless liquid. A
mixture of three double bond positional isomers in a ratio of 10:7:7. AlCl3:
combined yield 72% (452 mg), GC yield 90%; BF3: GC yield 69%;
1H NMR (CDCl3, Me4Si):�� 0.47 ± 0.88 (m, 3H), 1.10 ± 1.26 (m, 2H), 1.43 ±
2.62 (m, 10H), 3.92 ± 4.04 (m, 1H), 7.18 ± 7.37 ppm (m, 10H); 13C NMR
(CDCl3, Me4Si):�� 14.06, 14.14, 14.33, 16.37, 22.40, 23.17, 23.52, 23.89,
24.10, 25.71, 25.76, 26.28, 26.74, 28.66, 28.99, 29.08, 29.98, 31.70, 32.58, 52.98,
53.75, 60.68, 124.16, 125.68, 126.17, 126.37, 127.94, 127.98, 128.05, 128.13,
128.21, 128.29, 128.41, 128.53, 129.09, 129.22, 129.47, 136.95, 137.35, 138.17,
139.63, 139.71, 141.39, 142.11, 142.56, 142.84, 146.22, 146.60 ppm; HRMS
calcd for C24H26 314.2035, found 314.2029; IR (neat): �� � 3056, 3025, 2966,
2925, 2870, 1714, 1597, 1492, 1445, 1377, 1071, 1028, 914, 752, 699 cm�1.


General procedure for the preparation of indenes (8a ± h): A monoyne
(2.0 mmol) was added to a solution of [Cp2ZrPh2] in toluene,[15] prepared in
situ from [Cp2ZrCl2] (2.0 mmol, 0.58 g) and PhLi (2.0 mmol, 2.0 mL, 1.0�
cyclohexane-diethyl ether) in toluene (15 mL) at �78 �C. The reaction
mixture was then stirred at 100 �C for 9 h to afford zirconaindene. The
solution was cooled to room temperature and an aldehyde (4.0 mmol) and
AlCl3 (4.0 mmol, 0.54 g) or BF3 ¥ Et2O (4.0 mmol) were added. When AlCl3
was used, for aromatic aldehydes the reaction mixture was stirred at room
temperature for 1 h; for aliphatic aldehydes the reaction mixture was
stirred at �30 �C for 1 h. When BF3 was used, the reaction mixture was
stirred at 70 �C for 3 h for both aliphatic and aromatic aldehydes.
Hydrolysis with 3� HCl followed by normal work up and column
chromatography afforded the products.


1-(2-Thienyl)-2,3-dibutylindene (8a): Colorless liquid. AlCl3: yield 38%
(239 mg), GC yield 67%; BF3: yield 63% (403 mg), GC yield 72%;
1H NMR (CDCl3, Me4Si): �� 0.85 (t, J� 6.9 Hz, 3H), 0.92 (t, J� 6.9 Hz,
3H), 1.26 ± 1.59 (m, 8H), 2.12 ± 2.54 (m, 4H), 4.7 (s, 1H), 6.87 ± 7.24 ppm (m,
7H); 13C NMR (CDCl3, Me4Si): �� 13.96, 14.06, 22.70, 22.83, 25.12, 26.26,
31.08, 32.10, 51.41, 118.69, 123.51, 123.80, 124.37, 125.21, 126.60, 126.82,
137.62, 143.25, 145.13, 146.03, 147.22 ppm; HRMS calcd for C21H26


310.1775, found 310.1758; IR (neat): �� � 3067, 3021, 2956, 2925, 2858,
1602, 1456, 1378, 1230, 1111, 1038, 852, 821, 753, 694 cm�1.


1-(2-Thienyl)-2,3-dipropylindene (8b): Colorless liquid. AlCl3: yield 48%
(269 mg), GC yield 60%; BF3: yield 55% (310 mg), GC yield 66%;
1H NMR (CDCl3, Me4Si): �� 1.06 (t, J� 7.2 Hz, 3H), 1.15 (t, J� 7.2 Hz,
3H), 1.43 ± 1.85 (m, 4H), 2.28 ± 2.64 (m, 2H), 2.70 (t, J� 7.2 Hz, 2H), 4.90 (s,
1H), 7.05 ± 7.45 ppm (m, 7H); 13C NMR (CDCl3, Me4Si): �� 14.16, 22.05,
23.07, 27.30, 28.64, 51.39, 118.71, 123.50, 123.80, 124.39, 125.19, 126.57,
126.81, 137.56, 143.22, 145.05, 146.05, 147.19 ppm; HRMS calcd for C19H22S
282.1442, found 282.1446; IR (neat): �� � 3067, 3021, 2958, 2930, 2870, 1600,
1459, 1377, 1230, 1074, 1037, 851, 819, 739, 696 cm�1.


1-Phenyl-2,3-dipropylindene (8c): Colorless liquid. AlCl3: yield 42%
(232 mg), GC yield 60%; BF3: yield 60% (326 mg), GC yield 87%;
1H NMR (CDCl3, Me4Si): �� 0.86 (t, J� 7.2 Hz, 3H), 1.00 (t, J� 7.2 Hz,
3H), 1.26 ± 1.52 (m, 2H), 1.60 ± 1.70 (m, 2H), 1.94 ± 2.04 (m, 1H), 2.34 ± 2.44
(m, 1H), 2.56 (t, J� 7.2 Hz, 2H), 4.39 (s, 1H), 6.97 ± 7.29 ppm (m, 9H);
13C NMR (CDCl3, Me4Si): �� 14.17, 14.31, 22.24, 23.11, 27.40, 28.76, 56.84,
118.55, 123.60, 124.24, 126.45, 126.50, 128.23, 128.56, 137.74, 140.55, 145.77,
147.06, 148.39 ppm; HRMS calcd for C21H24 276.1878, found 276.1878; IR
(neat): �� � 3063, 3024, 2958, 2877, 1943, 1898, 1803, 1715, 1600, 1493, 1458,
1377, 1180, 1154, 1072, 1030, 934, 752, 699 cm�1.


1-(4-Methoxyphenyl)-2,3-dipropylindene (8d): Colorless liquid. AlCl3:
yield 39% (238 mg), GC yield 52%; BF3: GC yield 60%; 1H NMR
(CDCl3, Me4Si): �� 0.89 (t, J� 7.2 Hz, 3H), 1.02 (t, J� 7.2 Hz, 3H), 1.36 ±
1.72 (m, 4H), 1.97 ± 2.46 (m, 2H), 2.57 (t, J� 7.2 Hz, 2H), 3.76 (s, 3H), 4.37
(s, 1H), 6.80 (d, J� 8.4 Hz, 2H), 6.92 (d, J� 8.4 Hz, 2H), 7.03 ± 7.31 ppm
(m, 4H); 13C NMR (CDCl3, Me4Si): �� 14.15, 14.27, 22.21, 23.08, 27.37,
28.73, 55.09, 56.05, 113.98, 118.48, 123.50, 124.18, 126.35, 129.13, 132.37,
137.40, 145.66, 147.24, 148.61, 158.27 ppm; HRMS calcd for C22H26O
306.1984, found 306.1976; IR (neat): �� � 3071, 2957, 2870, 1609, 1510, 1463,
1301, 1248, 1175, 1107, 1037, 821, 761, 701, 652 cm�1.


1-(4-Methylphenyl)-2,3-dipropylindene (8e): Colorless liquid. AlCl3: yield
44% (254 mg), GC yield 57%; BF3: yield 56% (325 mg), GC yield 80%;
1H NMR (CDCl3, Me4Si): �� 0.86 (t, J� 7.2 Hz, 3H), 1.00 (t, J� 7.2 Hz,
3H), 1.32 ± 1.70 (m, 4H), 1.95 ± 2.04 (m, 1H), 2.28 (s, 3H), 2.32 ± 2.44 (m,
1H), 2.55 (t, J� 7.5 Hz, 2H), 4.36 (s, 1H), 6.87 (d, J� 7.8 Hz, 2H), 7.02 ± 7.11
(m, 4H), 7.19 ± 7.28 ppm (m, 2H); 13C NMR (CDCl3, Me4Si): �� 14.18,
14.31, 21.09, 22.24, 23.12, 27.40, 28.75, 56.46, 118.50, 123.55, 124.21, 126.37,
128.10, 129.30, 135.96, 137.41, 137.55, 145.75, 147.17, 148.55 ppm; HRMS
calcd for C22H26 290.2035, found 290.2033; IR (neat): �� � 3056, 3016, 2959,
2929, 2870, 1593, 1513, 1438, 1326, 1261, 1021, 806, 758, 702, 655 cm�1.


1-(4-Chlorophenyl)-2,3-dipropylindene (8 f): Colorless liquid. AlCl3: yield
39% (241 mg), GC yield 47%; BF3: yield 51% (316 mg), GC yield 71%;
1H NMR (CDCl3, Me4Si): �� 0.87 (t, J� 7.2 Hz, 3H), 1.00 (t, J� 7.2 Hz,
3H), 1.26 ± 1.69 (m, 4H), 1.91 ± 2.00 (m, 1H), 2.34 ± 2.44 (m, 1H), 2.55 (t,
J� 7.5 Hz, 2H), 4.36 (s, 1H), 6.92 (d, J� 8.4 Hz, 2H), 7.05 ± 7.30 ppm (m,
6H); 13C NMR (CDCl3, Me4Si): �� 14.16, 14.31, 22.20, 23.10, 27.37, 28.70,
56.08, 118.70, 123.53, 124.39, 126.67, 128.76, 129.58, 132.17, 138.13, 139.16,
145.70, 146.60, 147.94 ppm; HRMS calcd for C21H23Cl 310.1488, found
310.1474; IR (neat): �� � 3055, 2959, 2941, 2871, 1708, 1594, 1490, 1439, 1325,
1090, 1015, 813, 758, 702, 653 cm�1.


1-(4-Methylphenyl)-2,3-dibutyl indene (8g): Colorless liquid. AlCl3: yield
45% (286 mg), GC yield 64%; BF3: yield 68% (432 mg), GC yield 90%;
1H NMR (CDCl3, Me4Si): �� 0.86 (t, J� 7.2 Hz, 3H), 0.96 (t, J� 7.2 Hz,
3H), 1.26 ± 1.58 (m, 8H), 1.97 ± 2.40 (m, 2H), 2.29 (s, 3H), 2.56 (t, J� 7.5 Hz,
2H), 4.36 (s, 1H), 6.87 (d, J� 7.8 Hz, 2H), 7.03 ± 7.26 ppm (m, 6H);
13C NMR (CDCl3, Me4Si): �� 13.99, 14.09, 21.10, 22.68, 22.95, 25.15, 26.33,
31.28, 32.15, 56.43, 118.46, 123.54, 124.18, 126.36, 128.10, 129.28, 135.96,
137.41, 137.57, 145.78, 147.12, 148.54 ppm; HRMS calcd for C24H30 318.2348,
found 318.2343; IR (neat): �� � 3030, 2957, 2925, 2871, 1712, 1596, 1513,
1455, 1326, 1179, 1009, 758, 702 cm�1.


1-Phenyl-2,3-dibutylindene (8h): Colorless liquid. AlCl3: yield 34%
(205 mg) GC yield 50%; BF3: yield 52% (316 mg), GC yield 72%;
1H NMR (CDCl3, Me4Si): �� 1.00 ± 1.14 (m, 6H), 1.42 ± 2.59 (m, 10H), 2.72
(t, J� 7.5 Hz 2H), 4.54 (s, 1H), 7.12 ± 7.42 ppm (m, 9H); 13C NMR (CDCl3,
Me4Si): �� 13.95, 14.08, 22.66, 22.94, 25.14, 26.35, 31.27, 32.12, 56.84, 118.49,
123.58, 124.21, 126.44, 126.48, 128.22, 128.54, 137.76, 140.54, 145.77, 146.97,
148.36 ppm; HRMS calcd for C23H28 304.2191, found 304.2199; IR (neat):
�� � 3062, 3024, 2958, 2858, 1600, 1493, 1455, 1378, 1180, 1072, 1021, 751,
699 cm�1.
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Chromium±Salen-Mediated Alkene Epoxidation:
A Theoretical and Experimental Study Indicates the Importance of
Spin-Surface Crossing and the Presence of a Discrete Intermediate


Peter Brandt,*[a] Per-Ola Norrby,[b] Adrian M. Daly,[c] and Declan G. Gilheany*[c]


Abstract: The mechanism of alkene
epoxidation by chromium�v� oxo salen
complexes has been studied by DFTand
experimental methods. The reaction is
compared to the closely related Mn-
catalyzed process in an attempt to un-
derstand the dramatic difference in
selectivity between the two systems.
Overall, the studies show that the reac-
tions have many similarities, but also a
few critical differences. In agreement


with experiment, the chromium system
requires a change from low- to high-spin
in the catalytic cycle, whereas the man-
ganese system can proceed either with
spin inversion or entirely on the high-
spin surface. The low-spin addition of


metal oxo species to an alkene leads to
an intermediate which forms epoxide
either with a barrier on the low-spin
surface or without a barrier after spin
inversion. Supporting evidence for this
intermediate was obtained by using
vinylcyclopropane traps. The chro-
mium�v� oxo complexes can adopt a
stepped shape or form a more concave
surface, analogous to previous results on
manganese salen complexes.


Keywords: chromium ¥ density
functional calculations ¥ epoxidation
¥ manganese ¥ N,O ligands


Introduction


Chiral, nonracemic manganese[1] and chromium[2] oxo salen
complexes such as 1 and 2 have been used successfully for
asymmetric epoxidation. Complex 1 (with or without chloride
counterion, vide infra) is now the accepted reactive inter-
mediate in epoxidation with Jacobsen×s catalyst[1] and has
been studied by combined mass spectrometric and theoretical
methods,[3] EPR spectroscopy, and other techniques.[4] Com-
plex 2 is the best reagent within the chromium± salen series.[2e]


ON N


OO


tBu tBu


tBu tBu
Cl


Mn
O


N N


O
Cr


CF3 F3C


O


L


NO3
-


1 2


Although they share many similarities, there are also some
substantial differences in the characteristics of the two
reagents. The manganese-based system shows a wider spec-
trum of reactivity[5] and therefore has generally been found to
be more useful. On the other hand, the stoichiometric variant
of the chromium system is easily studied since the oxo
complex 2 is isolable,[5a] whereas 1 is only a fleetingly observed
intermediate.[4] However, the major difference between 1 and
2 is in their different substrate selectivity in asymmetric
epoxidation. Manganese salen complexes show high enantio-
selectivities in the epoxidation of Z alkenes, but E alkenes are
poor substrates. Chromium± salen complexes show the oppo-
site characteristics (Table 1). Other minor differences in-
clude[1, 2b, 5] the greater effect of O-donor ligand additives in
the chromium series; the type of oxidant, which is more
variable in the manganese series; and the nature of the
substituents on the salen rings: chromium requires electron-
withdrawing substituents for reasonable rates, but these need
not be bulky, in contrast to the manganese case.
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The success of these metal ± salen systems has led to
considerable discussion of the mechanism of oxo trans-
fer[1, 2b, 7±11] and the origin of enantioselectivity.[1, 2b, 12] Recent-
ly, some agreement has been reached on the mechanism of
oxo transfer in the manganese series. The crucial break-
through was recognition of the importance of the spin state of
the manganese ± oxo moiety in determining the reaction
pathway.[7±10] Both theoretical and experimental studies agree
that the most stable spin state for the MnIII stage of the
catalytic cycle is the quintet (S� 2).[4, 7±10, 12, 13] However, there
is disagreement about the preferred spin state of the actual
epoxidizing species, the MnV�O complex. Observable MnV�X
species (X�O, N; always neutral or anionic complexes) are
generally diamagnetic singlets (S� 0),[4, 13] and some theoret-
ical studies also identify this as the most stable state of the
[(salen)Mn�O] species.[8, 10] However, the energetic differ-
ences between available spin states are small and strongly
dependent both on the exact model used (naked cation-
ic,[3b, 7, 8] with neutral ligand,[3d] or with anionic chloride
ligand[8, 9, 10]) and the level of theory employed. For the
related Mn± porphyrin series, it was suggested that the singlet
complexes are observable because they are less reactive than
the corresponding catalytically active complexes.[13b] There is
consensus on some important points in the available theoret-
ical studies. Most importantly, all spin states for Mn�O are
energetically accessible, so that if spin change in these systems
is slow,[14] the reaction can proceed completely on the quintet
surface. Indeed, in a recent EPR study, signals which could
arise from a triplet or quintet MnV�O species were ob-
served.[4a] Furthermore, all comparative studies of transition
states have shown that the addition on the triplet surface
(S� 1) is lower in energy than that on the singlet surface
(S� 0),[7, 10] and experimental evidence also indicates that
addition on the singlet surface is a slow process.[13b] Thus, if
spin change does occur, the addition will proceed on the
triplet surface to give a radical intermediate with subsequent
formation of product either on the triplet or quintet surface.
For this reason, the singlet state, although preferred for less
reactive, isolable complexes, can be neglected for the catalytic
process. Finally, the quintet potential energy surface (PES)
seems very responsive to the charge of the axial ligand. In the
presence of chloride ligand, the quintet PES is very similar to
the triplet PES and proceeds through a radical intermedi-
ate.[9, 10] For the cationic quintet complex, the addition is still
strongly asynchronous, but now formation of epoxide is a
concerted process.[7] Thus, the recent observation by Adam
et al.[15] that isomerization in a radical intermediate is much


more pronounced in the presence of chloride can be
rationalized by the qualitative PES differences on the quintet
surface, although they also suggested that two different
oxidizing species offer competing pathways.[15b] The relevant
spin surfaces are depicted in Figure 1. By postulating that the
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Figure 1. Qualitative consensus PES for the reaction of (salen)Mn�O
species with alkene, collected from literature sources.[7, 9, 10]


reaction can proceed in parallel on at least two different spin
surfaces, whereby the preference for and rate of transfer
between the spin surfaces can be affected by the reaction
conditions and mode of production of the MnV�O complex,
various contrasting experimental observations, such as the
survival of vinylcyclopropane radical traps[16] and the ob-
served isomerization of Z alkenes to trans epoxides,[17] can be
rationalized. Recently, Linde et al. provided further exper-
imental evidence for competing oxidation pathways by study-
ing the electronic effects of the substrate on the diastereose-
lectivity and enantioselectivity in the catalytic epoxidation by
iodosylbenzene of para-substituted cis-stilbenes with Jacob-
sen×s catalyst (1).[11]


With regard to the origin of stereoselectivity in the
manganese system, there is still substantial disagreement.
Most fundamentally, there is no agreement as to the shape of
the active complex. In addition, although nearly all workers
use the concept that the alkene approaches side-on[18] to the
oxygen atom, essentially all possible trajectories of approach
to the metal oxo moiety have been used as a basis for an
explanation. For example, Jacobsen et al. assumed a planar
salen ligand framework and explained enantioselection by
approach of alkene over the cyclohexyl ring of the complex.[19]


They also invoked side-on approach to rationalize the better
selectivity for Z alkenes than for E alkenes. Katsuki et al.
suggested a nonplanar structure and accumulated much
experimental evidence for this.[12b] They suggest that the
alkene approaches along the metal ± nitrogen bond axis. Houk
et al. independently suggested a similar nonplanar structure
but suggested approach of alkene between the 3,3�-positions
of the salen ligand.[12a] This is similar to our explanation for the
selectivity in the chromium series.[2b, 2f, 20] We also had to
postulate[2b, 20] a nonplanar salen structure for the chromium
complex to retain the side-on approach model for its


Table 1. Reported enantioselectivities in epoxidation of E- and Z-�-
methylstyrene with 1[2h, 6] and 2.[2e]


O


Me


R1


R2Me


R1


R2


1 or 2, [O]


R1 R2 Reagent ee [%]


H Ph 1 92
H Ph 2[a] � 27
Ph H 1 22
Ph H 2[a] 92


[a] L� triphenylphosphine oxide.
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epoxidation reactions. Recently, Wiest et al. performed cal-
culations on a complete salen ligand and, significantly, they
showed that the catalyst could adopt two different conforma-
tions with a stepped or a concave catalyst/substrate inter-
face.[3c,d] None of this work provides an explanation for the
contrasting selectivity behavior of chromium salen complexes
in asymmetric epoxidation. Therefore, we felt that a detailed
study of the chromium system would shed light on these
differences and in turn give insight into the manganese system.


In recent years, quantum chemical methods have been
successfully employed in the evaluation of mechanistic
alternatives in transition-metal-catalyzed reactions.[21] In par-
ticular, density functional theory has been extensively used,
the most popular methods being B3LYP and BP. While our
study on the chromium system was in progress, several papers,
including theoretical studies into the Mn system, appear-
ed.[3b±d, 7±10] Our results, in combination with the literature
reports, could therefore be used to compare the two systems
and rationalize some of the differences.


The spin states of CrIII and CrV�O in salen complexes 13
and 14 were established by Kochi et al.[5] by measurement of
the magnetic moment, and those of CrIII by Bryliakov et al.[22]


by EPR measurements. These provide a useful check on the
calculations reported here, something that is presently
unavailable for the manganese series. We used the B3LYP
method, which has been criticized as unsuitable for spin-state
determinations in the Mn system.[10] However, the results of
the present calculations are in agreement with the experi-
mental determinations, the best measure of their validity.


We now report details of our theoretical and experimental
study, which has led to insight into the mechanism of oxygen
transfer in the chromium system. Results of our studies into
the mode of enantioselection will be the subject of a future
paper. We are aware of one other recent theoretical study of a
(non-salen)chromium(�) oxo system.[23]


Methods of Calculation


All calculations were performed with the Gaussian98 program package[24]


using the B3LYP hybrid functional.[25] Geometry optimizations were
performed with d95v for C, N, O, and H; d95 for P; and a (14s,11p,6d)
primitive basis from Wachters,[26] augmented by two p and one diffuse d
function contracted to [6s,5p,3d], for Cr (see Supporting Information). This
basis set is referred to as BSI in the following. Final energies were
determined by using 6-311�G* for Cr, 6-31�G* for N and O, and 6-31G*
for P, C, and H (BSII).


A reduced model system was used to mimic the full chromium salen
complex and the donor ligand used experimentally (Scheme 1). This
truncated ligand proved to be very similar to the real salen ligand for the
related Mn(salen)(Cl)-catalyzed reaction.[9] Ethene was used as the model
alkene.


Results


The potential energy surface : The energies of the twelve
species 3a,b ± 8a,b (Scheme 2) on a nonconcerted PES were
evaluated. Calculated energies are tabulated in Table 2; those
of 3b ± 8b are given at both BSI and BSII levels. Figure 2
shows these energies graphically for systems b (with axial
ligand).


Table 2. Potential energy surfaces (B3LYP/BSI) of the reactions of
ethylene with complexes 3a and 3b [kJmol�1].


a : No donor ligand b : Axial Me3PO[a]


doublet quartet doublet quartet


3� ethylene 0 102 0 (0) 73 (87)
4 64 ± 14 (30) 71 (84)[b]


5 12 ± � 23 (�11) � 19 (�9)[b]


6 64 ± 17 (35) � 50 (�40)[b]


7 14 � 77 � 69 � 162
8� epoxide ± 55 41 � 49


[a] Values in parenthesis from B3LYP/BSII//B3LYP/BSI. [b] Vertical
excitation.


N N


O O
Cr


Me3PO


ON N


O O
Cr
O


3a 3b


Scheme 1. Truncated molecules used in the calculations. Species without
donor ligand are denoted a ; with donor b.
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Scheme 2. Species evaluated in the quantum chemical study (a : n� 0; b :
n� 1).
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[b] Vertical excitation from the doublet surface.


-40[b]


3 4


5


6


7


quartet surface
doublet surface


Figure 2. The PES at the B3LYP/BSII//B3LYP/BSI level for systems b.
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Radical-trap experiments : Radical traps 9 and 15 were
prepared and treated with chromium and manganese salen
complexes 13 and 14 (Scheme 3). The results are listed in
Table 3 and Table 4.


Discussion


Calculations on intermediates and the PES : Chromium has
one less d electron than manganese, and analogously to the
spin states of manganese salen complexes, the chromium
complexes studied here can be in a doublet or quartet state.


Chromium±oxo complexes 3a and 3b : The chromium-
catalyzed epoxidation of alkenes differs from its Mn-catalyzed
counterpart in that the oxidized form of the catalyst has been
isolated and characterized.[5a]


This is possibly due to its lower
reactivity compared to the bet-
ter known Mn analogue. This
trend is not unexpected given
the lower M�O bond strength
to the right of the periodic
table.[27]


The chromium–salen ± oxo
complexes studied here (Fig-
ure 3) show a doublet ground
state with the spin density cen-
tered on chromium (s� 1.42 for
3b) and on the oxo oxygen
atom (s��0.39 for 3b). This
agrees with experimental meas-
urement of �eff� 1.9 �B for
[(salen)CrV�O] complex 14.[5a]


In the quartet state, an electron
has been promoted from the �


system of one half of salen into
an antibonding Cr�O orbital
(ligand-to-metal charge trans-
fer, LMCT). This excitation


(87 kJmol�1) causes elongation of the Cr�O bond from
1.594 to 1.680 ä and a slight conformational change in the
complex.[28] The high excitation energy makes involvement of
the quartet state in the initial part of the reaction less likely.
Therefore, no attempts were made to locate transition states
on this PES.


Table 3. Results of investigations with radical probe 9 and derivatives.


Entry Substrate Reactant Cr complex 11 :12 Total yield
[mol%] [%]


1 9 14 100 � 20:1 7[a]


2 9 13�PhIO 10 4:1 50[a]


3 10 13 100 3:2 90
4 10 13 50 2:1 93
5 10 13 10 10:1 87
6 10 14 100 10:1 83
7 10 14 50 10:1 86
8 10 14 10 1:1 85
9 10 PhIO - n.d.[b] 96


10 10 none - n.d. 96
11 11 13 100 n.d. 90
12 11 14 100 n.d. 86
13 12 13 100 n.d. 86
14 12 14 100 n.d. 95


[a] Reduced yield accounted for by unconsumed alkene. [b] n.d.�no
decomposition.


Table 4. Epoxidation of alkene 15 (mixture of isomers) with various
complexes and oxidants.


Entry Complex mol% Oxidant Yield of 16 [%] Unconsumed 15 [%]
cis trans Z E


1 13 10 PhIO 0 0 30 30
2 14 100 none 0 0 11 0
3 deoxy-1 2.5 NaOCl 33 12 11 39
4 deoxy-1 2.5 PhIO 20 2 21 47


N N


O O
Cr


N N


O O
Cr
O


PF6 PF6


Ph
Ph


Ph
Ph
O


PhIO


Ph
Ph


Ph
Ph


O


Ph
Ph


O


O
Ph


Ph


9 10 12


13 14


15 16


11


Scheme 3.


Figure 3. Structures of the doublet Cr oxo complexes 3a and 3b.
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Another notable feature in
Figure 3 is that coordination of
a donor-ligand trans to the oxo
group results in a dramatic
conformational change in
which salen is pushed towards
the oxo ligand and a stepped
conformation is generated. This
is in agreement with the crystal
structures of [(salen)CrV�O]
obtained by Kochi et al.[29]


An interesting discovery by
Wiest et al.[3b,d] is that
[(salen)Mn�O] with an axial
Me3NO ligand can also adopt
different conformations; step-
ped and bowl-shaped confor-
mations are energetically acces-
sible. For the Cr catalysts examined here two analogous
conformations were located that differ by only 3 kJmol�1 in
relative energy. In terms of substrate compatibilty, conforma-
tional differences between the two catalysts might explain
why Mn± salen complexes are better suited for the epoxida-
tion of Z alkenes, whereas Cr± salen complexes perform
better with E alkenes (Table 1). This rationale is particularly
attractive to explore because of the different requirements of
the 3,3�-substituents for the Mn versus the Cr system. Bulky
substituents at these positions and partially charged groups
will be within van der Waals interaction distance and could
thus affect the conformational behavior of the catalysts.


Transition states 4a and 4b for the addition of ethylene to oxo
complexes 3a and 3b : Experimentally, the reaction rate and
yield is improved by the addition of various donor ligands to
the reaction.[2a,c,g] Among the ligands experimentally evalu-
ated were various N-oxides, phosphane oxides, DMSO, and
DMF, but triphenylphosphane oxide is usually the most
effective.[2a,e,g] The activation energy for the addition of
ethylene to 3 is 64 kJmol�1 without an axial ligand, but this
value drops to 14 kJmol�1 when Me3PO is coordinated. This is
in agreement with the experimentally observed ligand accel-
eration. The effect of donor
ligand on the salen conforma-
tion can be seen in Figure 4.
The salen ligand is brought
closer to the active site by axial
coordination. This could be in-
terpreted as a cause of im-
proved enantioselectivity.


Intermediate ethyl radicals 5a
and 5b : Both TSs 4a and 4b
lead to stable intermediates
with a carbon-centered radical
(5a and 5b). The doublet ethyl
radical 5b has a Mulliken spin
density of 2.28 at Cr and �1.03
at the ethyl terminus. Thus, the
stepwise mechanism suggested


by Kochi et al.[5a] is confirmed, although our results suggest
that the intermediate may be a radical rather than a cation.
Most significant is that when an axial ligand is present an
energy difference of only 2 kJmol�1 separates the doublet and
quartet states of 5b. Excitation from doublet to quartet state
results in direct collapse to the corresponding epoxide. Once
again the effect of the donor ligand on complex conformation
can be seen when the structures of 5a and 5b are compared
(Figure 5).


Transition states 6 for ring closure : Ring closure of the ethyl
radical intermediate on the doublet spin surface (Figure 6) is
calculated to be slightly higher in energy than the reverse
reaction leading back to the alkene (35 versus 30 kJmol�1).
The energy difference of only 5 kJmol�1 is, however, beyond
the accuracy of the computational method. The experimental
observation of no isomerization of Z-�-methylstyrene implies
that ring closure is faster than the back-reaction. As discussed
previously,[7] vertical excitation from the doublet to the
quartet of 5b requires not more than 2 kJmol�1. A small
energy difference offers the possibility of a fast spin inversion,
and ring closure can then take place without barrier on the
quartet PES. Thus, two alternative pathways exist for this step.


Figure 5. Intermediate ethyl radicals 5a and 5b.


Figure 4. Transition states 4a and 4b in the doublet states.
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Chromium-coordinated epoxide : The structures of the species
produced on ring closure (7a, 7b) in both the doublet excited
states and quartet ground states are shown in Figure 7. The
prediction of a quartet ground state for CrIII salen complexes
agrees with an experimental measurement of �eff� 3.5 �B for
complex 13 and with EPR measurements on the (salen)CrIII


spin state.[22]


Recall that Kochi et al. found
strong indications of a cationic
mechanism.[5a] Byproducts
found in the reaction mixture
were characteristic of a cation
rearrangement. Our failure to
identify carbocationic inter-
mediates in the theoretical in-
vestigations suggests that by-
products in the reaction arise
from Lewis-acid-catalyzed re-
actions mediated by CrIII or
CrV complexes. The observed
rearrangement of epoxide 10 to
aldehyde 11 (see below) is evi-
dence for this.


Diastereoselectivity: investiga-
tion of [(salen)CrIV�O]: We re-
cently discovered an unusual
experimental effect. Replace-
ment of the NO3


� counterion
in 2 with BARF[30] led to a clean
conversion of E-olefins to a 1:1
mixture of cis and trans epox-
ides.[2e] We suggested that this
was due to the formation of a
[(salen)CrIV�O] species by one-
electron reduction of the chro-
mium complex in the presence
of a tetraarylborate. We have
investigated such a species the-
oretically. In short, [(salen)-
CrIV�O] has a triplet ground


state, and the singlet and quin-
tet states are 38 and 59 kJmol�1


higher in energy (BSI). Thus,
the initial reaction takes place
on the triplet PES and leads to a
radical intermediate, which is
stable both as a triplet and a
quintet. This stability allows
time for rotation about the
C�C bond to give a mixture of
products, which approaches a
thermodynamic distribution of
cis and trans epoxides.


Summary : The above theoret-
ical investigation suggests that
the epoxidation reaction pro-
ceeds through an intermediate


5 with a doublet ground state of the starting [(salen)CrV�O]
(3) and formation of a quartet [(salen)CrIII] product 8. It
seems most likely that the necessary spin change occurs after
the formation of the intermediate 5 and prior to ring closure
of epoxide. The spin crossing probability pSI will therefore
determine the lifetime of the intermediate.[31] The experimen-
tal observation of small amounts of isomerized epoxide from


Figure 6. Transition states 6a and 6b for ring closure of the intermediate ethyl radicals (doublets).


Figure 7. Product complexes 7a and 7b.
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Z-�-methylstyrene suggests that the spin crossing is relatively
facile. Only in a small number of cases does the intermediate
live long enough to undergo C�C bond rotation prior to ring
closure, and therefore only a small amount of trans-�-
methylstyrene oxide (ca. 10%) is produced from Z-�-
methylstyrene.


Terminal oxidants : We have previously noted the failure of
terminal oxidants other than iodosylbenzene.[2e] In light of
these calculations, a possible interpretation of those results
becomes apparent. To oxidize CrIII to CrV�O, a spin change
from quartet to doublet must take place. Oxidants containing
a heavy atom could facilitate this spin change, hence the
success of PhIO, but the failure of the other oxidants that we
have tried.[32]


Radical/cation-trap experiments : On the basis of these
theoretical results we sought an experimental method to
confirm the presence of an intermediate in the reaction of a
chromium oxo species with alkenes. We chose vinylcyclopro-
panes, which have been used extensively in recent mechanistic
investigations.[33] A disadvantage of this approach is that
distinction between radical and cationic intermediates would
not be possible. More seriously, the relatively limited sub-
strate scope of the chromium system[2b, 5a] limits the number of
potential test compounds. A radical/cation trap only produces
irrefutable results when the cyclopropyl ring remains intact.
Ring opening strongly suggests an intermediate but does not
prove it conclusively.


Styrene-like trap. Substituted styrenes are good substrates for
epoxidation with the chromium system,[2, 5a] because the
incipient cation/radical is stabilized at the benzylic position
that bears the cyclopropyl group. 1-Phenyl-1-(trans-2-phenyl-
cyclopropyl)ethene (9) and derivatives thereof were used to
good effect in the manganese system by Linde et al., who
found that formation of cis epoxide fromZ alkene and of trans
epoxide from E alkene did not involve a radical intermedi-
ate.[16b, 34]


Unfortunately 1,1-disubstituted alkenes of this type are not
ideal for the chromium system,[35] and when 9was treated with
13 as catalyst and PhIO as oxidant, or with a stoichiometric
amount of 14, none of the corresponding epoxide 10 was
generated. Instead, we obtained the dihydropyran 12 and the
aldehyde 11 in a ratio that depended on the amount of
chromium complex used in the reaction (Table 3, entries 1 and
2). This, in itself, suggests the intervention of a reaction
intermediate. However, we also found that, under the reaction
conditions, epoxide 10 reacts with 13 and 14 to give 11 and 12
in various ratios (Table 3, entries 3 ± 8). Linde et al. also found
aldehyde 11 and pyran 12 in the manganese system in cases
when epoxide yield was not quantitative.[16b] The varying
ratios of 11 and 12 in the control reactions strongly suggests
their formation by a combination of the two routes outlined in
Scheme 4. A possible caveat is that spin-change factors might
influence the product distribution in the attempted epoxida-
tion experiment, whereas in the control reactions they would
not come into play. In any event, the fact that ring-opened
products are observed is overwhelming evidence for an
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Scheme 4. Possible pathways for the formation of 10 ± 12.


intermediate in the reaction of this Cr oxo species with alkene
9. Whether this same intermediate can also lead to epoxide 10
is, of course, unproven.


Hexene-like trap : In an attempt to resolve the issue we
designed an alternative cyclopropylalkene, namely, 1,2-bis-
(trans-2-phenylcylopropyl)ethene (15), which bears a greater
resemblance to substrates that were successfully epoxidized,
albeit poorly, by the chromium system.[36±38] We first con-
firmed the stability of the bis(cyclopropyl) epoxide 16 to the
reaction conditions. In the presence of 13 or 14monitoring by
TLC showed that it remained stable for up to 10 h. The
decomposition products which formed after this time, a set of
isomers, had mass spectrometric and 1H NMR data consistent
with the expected[39] rearrangement product, ketone 17.
Alkene 15 was then subjected to both stoichiometric and
catalytic epoxidation with
[(salen)Cr] (Table 4, entries 1
and 2). In neither case was
epoxide 16 or its isomer 17
produced.[40] In both cases just
one product was detected by
TLC, but it proved impossible
to isolate.[41]


The failure to observe epoxide 16, known to be stable under
the reaction conditions, as a product of this reaction would
suggest that a radical or cationic intermediate intervened
along the reaction path leading to cyclopropane ring opening.
This strongly supports the existence of a discrete intermediate
in the epoxidation of alkenes by chromium± salen complexes.


We confirmed that 15 was indeed epoxidizable by a metal
oxo species by examining its behavior in the manganese
system, with hypochlorite and PhIO as oxidants (Table 4,
entries 3 and 4). The results were as expected, in that the Z
isomer reacted faster in this case. With hypochlorite (entry 3)
there is a slight discrepancy between the amount of Z alkene
consumed and the yield of cis epoxide, a result similar to those
obtained by Jacobsen et al.[16a] for this type of nonconjugated
alkene substrate. With PhIO (entry 4), there is a somewhat
larger discrepancy, in good agreement with the results of
Linde et al.[16b]
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Conclusion


We have thoroughly investigated the mechanism of
[(salen)Cr]-mediated epoxidation. Both theoretical and ex-
perimental results indicate the existence of an intermediate
along the reaction path. The B3LYP calculations identified
this intermediate as a �-alkoxy radical bound to chromium.
The calculations suggest almost complete degeneracy be-
tween the low- and high-spin state at this point, and this
facilitates spin-surface crossing. Considering the accuracy of
the B3LYP functional, we correctly predicted a low-spin state
for the CrV�O reactant and a high-spin state for the CrIII


product. The fact that the catalyst must change between high-
and low-spin during the catalytic cycle could affect both the
diastereoselectivity and the rate of reoxidation of the catalyst.


Axial donor ligands significantly lower the barrier of the
reaction and dramatically change the conformation of the
catalyst. This conformational change brings the salen ligand
closer to the substrate in the selectivity-determining transition
state and thereby increases the enantioselectivity. In close
analogy to the [Mn(salen)] catalyst the model [Cr(salen)]
complex could adopt two different conformations with a
stepped or a concave catalyst/substrate interface. We spec-
ulate that a difference in conformational preference is the
cause of differences in substrate selectivity between [Mn(sa-
len)] and [Cr(salen)] catalysts.


In addition, our calculations assigned the increased ten-
dency of formation of trans epoxides from cis alkenes with a
BARF counterion to a decreased rate of ring closure of the �-
alkoxy radical formed from the reaction between the alkene
and a CrIV species.
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Construction and Probing of Multisite Chiral Catalysts:
Dendrimer Fixation of C2-Symmetrical Diphosphinerhodium Complexes


GeraldD. Engel and Lutz H. Gade*[a]


Abstract: A series of chiral phosphine-
functionalized poly(propyleneimine)
(PPI) dendrimers was synthesized by
the reaction of carboxyl-linked C2-chiral
pyrphos ligand (pyrphos� 3,4-bis(di-
phenylphosphino)pyrrolidine) with zer-
oth ± fourth generation PPI using ethyl-
N,N-dimethylaminopropylcarbodiimide
(EDC)/1-hydroxybenzotriazol as a cou-
pling reagent. The dendrimers obtained
were characterized by NMR spectrosco-
py and elemental analysis as well as FAB
and MALDI-TOF mass spectrometry,
which established their molecular mass-


es of up to 20 700 amu. Metalation of the
multi-site phosphines with [Rh(COD)2]-
BF4 cleanly yielded the cationic rhodo-
dendrimers containing up to 32 metal
centers (for the fourth generation spe-
cies), representing the largest chiral
phosphine dendrimer catalyst studied
to date. The complete metalation of
the chiral phosphine sites was demon-
strated by 31P NMR spectroscopy and


the observation of the coordination-
shifted AB part of the ABX spin system
(�A�33.9, �B�32.9; 1JRh,P�150, 153 Hz;
2JP,P � 28 Hz). The relationship between
the size/generation of the dendrimer and
its catalytic properties was established in
the asymmetric hydrogenation of Z-
methyl-�-acetamidocinammate and di-
methyl itaconate. A decrease in both
activity and selectivity of the dendrimer
catalysts was observed on going to the
higher generations.Keywords: catalysis ¥ dendrimers ¥


hydrogenation ¥ rhodium


Introduction


Since the report of the first example of catalysis with a
dendrimer-immobilized transition metal complex (the Kha-
rasch reaction), which was catalyzed by nickel(��) complexes
containing NCN-pincer ligands,[1] a number of dendrimer
catalysts have been synthesized and studied.[2] In particular, a
variety of dendritic chelating phosphine derivatives have
attracted much attention.[3] Reetz and co-workers prepared
phosphine-functionalized poly(propyleneimine) (PPI) den-
drimers and studied the catalytic activity of their Pd, Rh, and
Ir complexes. For the Heck-type C�C coupling catalysis with
the Pd derivatives they found a greater catalyst stability for
the higher generation dendrimers than for the corresponding
mononuclear system.[4] The palladium catalysts were also used
in allylic substitution reactions performed in a membrane
reactor,[5] as well as hydroformylations for the rhodium
compounds.[6] The dendrimer systems employed in catalytic
reactions include carbosilane dendrimers,[7] the poly(amido-
amino) (PAMAM) dendrimers developed by Tomalia and co-
workers[8] and the PPI dendrimers mentioned above.[9] In


most cases the variation of the catalyst performance as a
function of the dendrimer generation was only very small.
There are several reports on the use of chiral catalyst systems,
most notably amino alcohol-zinc alkyl compounds attached to
PPI cores reported by Meijer et al.,[10] the Ti-TADDOL
systems studied by Seebach and co-workers as well as the
chiral Salen systems reported by Jacobsen et al.[11] The only
previous example of asymmetric rhodium-catalyzed hydro-
genation of prochiral olefines was reported by Togni et al.
who immobilized their chiral ferrocenyl diphospines (™Josi-
phos∫) at the end groups of dendrimers, thus obtaining
systems of up to 24 chiral metal centers in the periphery.[12]


The fact that the catalytic properties of the dendrimer
catalysts were almost identical to those of the mononuclear
catalysts was interpreted as manifestation of the indepen-
dence of the individual catalytic sites in the macromolecular
systems.


Chiral diphosphines are the most widely and successfully
used ligands in the asymmetric catalytic hydrogenation of
C�C and C�O double bonds.[13] However, most of the systems
which have been routinely employed to this end do not offer a
straightforward method of functionalization that allows their
attachment to dendrimers. A notable exception is the
pyrrolidine derivative ™pyrphos∫ first reported by Nagel and
co-workers in the mid 1980s which contains a symmetrically
placed nitrogen atom to which linker and spacer units for
ligand fixation may be directly attached.[14±16]
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A number of N-functionalized derivatives have been
synthesized and studied, including the N-benzyl derivative
™deguphos∫ which is being used in an industrial cationic
rhodium hydrogenation catalyst for acetamidocinnamic acid
derivatives. Stereoselectivities of greater than 99 % ee were
obtained with these derivatives which have also been immo-
bilized on Merrifield polymers,[17] silica gel,[18] ™tentagel∫,[19]


and other support materials.[20] In general, the stereoselectiv-
ity of the immobilized systems was similar to those obtained
with the mononuclear complexes. A fixation to the core or the
periphery of a dendrimer has not been reported to date and it
was interesting to compare these results obtained in the
surface immobilization of the pyrphosrhodium complexes
with the catalyst performance in the more densely packed
™surface∫ of a dendritic molecular system. The aim was to
obtain dendrimer catalysts, based on the pyrphos ligand,
which possessed molecular uniformity within the accuracy of
the analytical and spectroscopic methods available for such
systems and to assess the way the catalyst characteristics
depend on the dendrimer size and thus the number and
density of the reactive centers.


Results and Discussion


Synthesis and characterization of the ™pyrphos∫-functional-
ized poly(propyleneimine) dendrimers : The fixation of the
pyrphos ligand at the periphery of poly(propyleneimine)
dendrimers was achieved by using a strategy based on car-
bodiimide/1-hydroxybenzotriazol-induced condensation, which
was developed in polypeptide synthesis. As a catalyst-linker
unit, we chose the coupling product of pyrphos with glutaric
anhydride 1 (Scheme 1).[14] The synthesis of the functionalized
poly(propyleneimine) (PPI) dendrimers required a quantita-
tive coupling reaction of the compound 1 with the amino end
groups of the dendrimer. This was conveniently achieved by a
standard method of peptide synthesis,[21] using ethyl-N,N-
dimethylaminopropylcarbodiimide (EDC) which allows ex-
traction into an aqueous solution of the urea formed in the
coupling process and thus a facile purification of the
dendrimer product. In the same way, an excess of 1, employed
to guarantee the complete functionalization of the PPI
dendrimer, could be completely separated by extraction of
the crude product with a basic aqueous solution.


As is shown in Scheme 1, the modified pyrphos ligand 1
could thus be coupled with the series of PPI dendrimers from
generations 0 ± 4 giving the respective phosphine dendrimers
2-G0 ± 2-G4 in excellent purity and yield. All compounds were
characterized by 1H, 13C, and 31P NMR spectroscopy, elemental
analysis and, most significantly, FAB or MALDI TOF mass
spectrometry. The high topological symmetry of the dendrimers
2-G0 ± 2-G4 is reflected in their 1H NMR spectra in which the
resonance patterns are almost identical due to the coincidence
of the core signals upon going to higher generations (Figure 1).


Scheme 1. Coupling of the chiral phosphine carboxylate 1 with the amino end groups of the poly(propyleneimine) dendrimers of generations 0 ± 4
(DAB=1,4-diaminobutane).
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Figure 1. Comparison of the 500 MHz 1H NMR spectra of 2-G0 and 2-G4
demonstrating the similarity in the resonance patterns (*�CH2Cl2).


The chemical shift of the signal attributed to the amido-NH
protons in the fourth generation dendrimer 2-G4 was
determined in a 1H COSY experiment and found to be ��
7.42. This resonance signal is thus shifted to lower field by
0.85 ppm with respect to 2-G0 and by 0.36 ppm relative to 2-
G1. This effect may be related to the increasing tendency of
these protons to engage in hydrogen bonding between NH
and C�O groups upon going to the higher generation
dendrimers.


The complete functionalization of the NH2 end groups in
the whole series of dendrimers may be deduced from the
13C NMR spectra (within the accuracy of the chosen method),
which display the relatively simple resonance patterns that are
characteristic for symmetrically functionalized species. The
accidental coincidences of some of the resonance signals in
the derivatives of the higher generations have been previously
observed in substituted PPI dendrimers.[22] The carbon nuclei
adjacent to the amino-N atoms are characteristically broad-
ened due to quadrupolar relaxation of the 14N nuclei. After
the phosphine fixation, the resonance signals at around ��
40 ppm which are assigned to the CH2NH2 end groups in the
dendrimer starting materials have completely disappeared,
likewise those of the CH2CH2NH2 carbon nuclei at ��
30 ppm. Instead the corresponding resonances attributable
to the CH2NHC�O and CH2CH2NHC�O nuclei are observed
at �� 37.7 ± 38.2 ppm and �� 26.9 ppm, respectively, in ac-
cordance with previous observations for functionalized PPI
dendrimers.[4] The 13C NMR studies have also shown that the
excess of the phosphine carboxylic acid 1 (with its character-
istic carboxyl resonance at �� 177.5 ppm) employed in the
synthesis of the dendrimers 2-G0 ± 2-G4 was completely
extracted upon washing the crude reaction products with a
basic aqueous solution.


The most conclusive method for the characterization of
dendrimers remains mass spectrometry. While the molecular
ions of 2-G0 and 2-G1 were detected by FAB mass
spectrometry, the higher generation dendrimer phosphines
were characterized by MALDI TOF spectrometry. This


method also allowed assessment of the sample purity along
with detection of the molecular ion peaks and characteristic
fragment peaks. The MALDI TOF spectrum of the third-
generation dendrimer 2-G3 is displayed in Figure 2.


Figure 2. MALDI-TOF mass spectrum of the third-generation phosphine-
functionalized dendrimer 2-G3.


The molecular ion peak at 10 263 amu is clearly visible
along with the fragment peaks at 10 077 amu [M�PPh2]� and
9892 amu [M� 2PPh2]� . There is no indication of incomplete
functionalization of the PPI dendrimer which would lead to
peaks lying at n� 500 amu (the molecular mass of the
phosphine carboxylate 1) below the molecular ion peak. It
also proved possible to detect the molecular ion of the fourth-
generation phosphine dendrimer 2-G4 at about 20 640 amu,
which is close to the the limit accessible by the MALDI-TOF
technique. The mass values for the molecular ion peaks of the
whole series of dendrimer phosphines are listed in Table 1
along with the theoretical values for the most abundant
isotopomers.


Synthesis of the multisite cationic pyrphos-rhodium metal-
lodendrimers : The pyrphos-functionalized dendrimers 2-G0 ±
2-G4 were treated with exactly one equivalent of
[Rh(cod)2]BF4 (cod� 1,5-cyclooctadiene) per diphosphine
unit at ambient temperature in CH2Cl2. The metalation was
complete within seconds, as was evident from the change of
color from dark red to orange-yellow, and established by
monitoring the conversion by 31P NMR spectroscopy
(Scheme 2). The corresponding rhododendrimers 3-G0 ±
3-G4 were isolated as orange-yellow powders which are very
soluble in CH2Cl2, less so in methanol and practically
insoluble in diethyl ether and n-pentane. As was found for
the mononuclear cationic rhodium complexes,[14, 15, 23] the
metallodendrimers are stable towards air and moisture.


Table 1.


Compound Found (m/z) Theoretical value
(most abundant isotopomer)


2-G0 1159 1158
2-G1 2459 2457
2-G2 5059 5054
2-G3 10263 10 249
2-G4 20632 20 637
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Scheme 2. Synthesis of the metallodendrimers 3-G0 ± 3-G4 by reaction of 2-G0 ± 2-G4 with [Rh(cod)2]BF4.
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Complete metalation was established by elemental analysis
as well as by NMR spectroscopy. The 31P NMR spectra, in
particular, clearly demonstrate the absence of unreacted
phosphine units after the complete conversion, as is shown in
Figure 3 for the fourth-generation rhododendrimer 3-G4.
Instead of the resonance of the free phosphine unit at ��


Figure 3. 31P NMR spectrum of the fourth-generation rhododendrimer
3-G4 showing the complete metalation of the phosphine binding sites.


�12.1 ppm, the well-resolved AB part of the ABX system is
observed, which is shifted to lower field (�A � 33.9 ppm, �B �
32.9 ppm) due to the metal complexation. The 1JRh,P coupling
constants of 150 and 153 Hz are within the expected range for
such phosphinerhodium compounds, likewise the 2JP,P cou-
pling of 28 Hz.[12b, 14]


The complete metalation of even the fourth-generation
dendrimer indicates that the electrostatic repulsion between
the cationic rhodium centers is offset by the binding capability
of the phosphine ligands. These remain sufficiently accessible
as to allow the generation of the complete series of catalyst
precursors 3-G0 ± 3-G4 containing 2, 4, 8, 16, and 32 metal
centers, respectively.


Asymmetric catalytic hydrogenation of dimethyl itaconate
and methyl acetamidocinnamate : To establish the relation-
ship between the size/generation of the dendrimer and its
catalytic properties the rhododendrimers 3-G0 ± 3-G4 were
employed in the asymmetric hydrogenation of Z-methyl-�-
acetamidocinammate as a standard reference system for chiral
cationic rhodium hydrogenation catalysts (Scheme 3).[24]


These are intermediates in the synthesis of dopamine
derivatives and thus of pharmacological interest.[25] Mono-


Scheme 3.


nuclear N-substituted pyrphos-rhodium catalysts have been
previously shown to induce enantioselectivities of 90 ±


100 % ee. As the standard reaction conditions we chose a
substrate:catalyst (catalytic site) ratio of 400:1, 30 bar hydro-
gen pressure, and a reaction temperature of 25� 1 �C. The
conversion was monitored by GCMS (the peak intensity of
the components being calibrated relative to those of authen-
tic, pure samples) and it was found that the activity decreases
in regular increments upon going from 3-G0 to 3-G4 as is
shown in Figure 4 a.


Figure 4. a) Conversion curves of the asymmetric hydrogenation of Z-
methyl-�-acetamidocinammate for the different catalyst generations.
b) Enantioselectivity of the asymmetric hydrogenation of Z-methyl-�-
acetamidocinammate for the different catalyst generations.


In the same way as the activity of the catalysts decreased
upon going to the higher dendrimer generations there was a
decrease in the selectivity of the systems from the second
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generation onwards. The average enantiomeric excesses for
the hydrogenation of Z-methyl-�-acetamidocinammate with
3-G0 to 3-G4 are displayed in Figure 4 b.


The decrease of enantioselectivity from 93 % to 88 % on
going from 3-G2 to 3-G4 is significant, but only really
appreciable at the fourth generation. To establish the size-
selectivity relationship with a substrate that was expected to
be more sensitive to the structural changes, we chose dimethyl
itaconate (Scheme 4) which starts out at a lower enantiose-
lectivity for the mononuclear complex and zeroth generation
dendrimer (78 % and 74 % ee, respectively).


The results of the asymmetric
hydrogenation of dimethyl itac-
onate confirm these considera-
tions and display a very sensi-
tive dependence of the catalyst
performance on the dendrimer
size. As was observed for Z-
methyl-�-acetamidocinam-
mate, the reaction rate de-
creased in relatively regular
increments upon going to the
higher dendrimer generations
as is shown in Figure 5 a.
Whereas the conversion using
the mononuclear catalyst
[Rh(BOC-pyrphos)(cod)]BF4


was found to be complete after
30 mins, the fourth-generation
rhododendrimer derived from
3-G4 required about 230 min
under otherwise identical reac-
tion conditions.


The reduction in activity ob-
served for both hydrogenations
may be due to the reduced
accessibility of all metal centers
in the higher generation den-
drimers. The effect of increas-
ing approach of end groups in
dendrimers at higher genera-
tions has been demonstrated
inter alia by the modified pho-
tophysics of immobilized dyes
found in Meijer×s group[26] and a
reduced activity in the Kha-
rasch reaction studied by van
Koten et al.[27] The reduction in
catalyst selectivity is even more
pronounced in the conversion
of dimethyl itaconate than for
Z-methyl-�-acetamidocinam-
mate: from 77.5 % ee in the
mononuclear BOC-pyrphos-
rhodium complex to 60 % ee in
the third and fourth-generation
dendrimer catalysts (Fig-
ure 5 b). The given values were
found to be independent of the


Scheme 4.


hydrogen pressure, which was varied between 10 and
50 bar.


It is known that in the presence of tertiary amines, which
may weakly coordinate to the metal centers, the catalyst


Figure 5. a) Conversion curves of the asymmetric hydrogenation of dimethyl itaconate for the different catalyst
generations. b) Enantioselectivity of the asymmetric hydrogenation of dimethyl itaconate for the different
catalyst generations.
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performance of cationic rhodium complexes is reduced.
However, upon monitoring the enantiomeric excess of the
reaction product during the course of the reaction, it became
apparent that the loss in selectivity is mainly due to a low
stereoselectivity at low conversion while it increases during
the course of the reaction to almost the level of the
mononuclear catalysts. This may be associated with the
hydrogenolytic decoordination of the COD ligands leading,
intitially, to non-uniform mixtures of still complexed and
already decomplexed, active metal centers. There is no sign of
decomposition in the rhododendrimers during the course of
the reaction which might be responsible and thus the loss in
selectivity is mainly due to this early phase.


Conclusion


In this first study on the dendrimer fixation of the C2-chiral
pyrphos ligand system we have shown an efficient and
convenient route to uniform metallodendrimer products
based on previous work on solid support fixation of this type
of ligand. This has given access to chemically pure rhododen-
drimers even for the higher generations and the fixation of up
to 32 catalytic centers at the periphery of the PPI dendrimer.
It has also demonstrated the loss in activity and selectivity
associated with the transition to the dendritic macromolecules
containing a high surface density of cationic metal complexes.
An important factor governing the properties of the metal-
lodendrimers as catalysts is certainly the flexibility of the
dendrimer core, which is high in the given case and allows for
the bending back of the attached rhodium complexes to the
inside of the otherwise globular molecule. This reduces the
accessiblity of the catalytic centers and at the same time
renders their immediate environment less uniform than
originally envisaged. A more rigid dendrimer core, such as
the polyamide core of the family of PANAM dendrimers, may
partially suppress this negative effect. This is the objective of
current and future research in our laboratory.


Experimental Section


All manipulations were performed under an inert-gas atmosphere of dried
nitrogen in standard (Schlenk) glassware. Solvents were dried according to
standard procedures and saturated with N2. Water, hydrochloric acid and
KOH solution were degassed by stirring under vacuum for 3� 10 min. The
deuterated solvents used for the NMR spectroscopic measurements were
degassed by three successive ™freeze ± pump ± thaw∫ cycles and dried over
4 ä molecular sieves. Solids were separated from suspensions by centri-
fugation thus avoiding filtration procedures. The centrifuge employed was
a Rotina 48 (Hettich Zentrifugen, Tuttlingen, Germany) which was
equipped with a specially designed Schlenk tube rotor.[28]


The 1H, 13C, and 31P NMR spectra were recorded on the following
spectrometers: A Bruker AC 200 FT NMR spectrometer (1H: 200.13, 13C:
50.3 MHz), a Bruker AC 300 FT NMR spectrometer (1H: 300.17, 13C: 75.5,
31P: 121.5 MHz), a Bruker AMX 400 or a Avance 400 FT NMR
spectrometer (1H: 400.16, 13C: 100.6 MHz) or a Bruker ARX 500 FT
NMR spectrometer (1H: 500.13, 13C: 125.8 MHz) with tetramethylsilane or
H3PO4 as a reference. The IR spectra were recorded on a Perkin-Elmer
1600 spectrometer. Melting points were determined using Electrothermal
IA 9100 apparatus and are not corrected. Mass spectrometric measure-
ments (FAB, ESI, MALDI-TOF) were carried out by the Service Commun


de la Spectrometrie de Masse at the Universite¬ Louis Pasteur, Strasbourg.
[�]D values were determined by using a Perkin-Elmer 241 Polarimeter.
Elemental analyses were carried out in the microanalytical laboratory of
the chemistry department at Strasbourg. N-(4-Carboxylbutanoyl)-pyr-
phos,[14] [(1,5-cod)2Rh]BF4,[29] and Z-methyl-�-acetamido-cinnamate[30]


were synthesized according to the literature. The other starting materials
were obtained commercially and used without further purification.


General procedure for the syntheses of the phosphane dendrimers : A
mixture of N-(4-carboxylbutanoyl)-pyrphos (1.15 equiv), EDC ¥ HCl
(1.27 equiv), 1-HOBT (1.73 equiv), and triethylamine (1.85 equiv) was
stirred in DMF at 0 �C for 40 min. To the suspension was added the
respective amino-terminated poly(propylene)imine dendrimer, dissolved
in DMF. The solution was allowed to come to room temperature and stirred
for 48 ± 90 h. All volatiles were completely removed in vacuo. The residue
was taken up in CH2Cl2 (20 mL) and thoroughly extracted with 0.2 � KOH
(3� 15 mL), H2O (2� 15 mL), 0.2 � hydrochloric acid (3� 15 mL), and
0.2 � KOH (15 mL, 4 ± 6 times). The solvent was removed in vacuo. The
residue was dissolved in toluene, which was afterwards removed under
vaccuum. This drying procedure was repeated several times. Finally, the
resulting white solid was washed with n-pentane and dried in vacuo yielding
the phosphane dendrimers as off-white powders.


G0-DAB-dendr-(glutaroyl-pyrphos)2 : Yield: 517 mg (446 �mol, 98%);
m.p.: 91 ± 104 �C, 1H NMR (300.16 MHz, CDCl3, 295 K): �� 7.10 ± 7.40
(m, 40H; Haromat.), 6.57 (t, 3JH,H � 6.0 Hz, 2 H; NH), 3.85 ± 4.02 (m, 4H;
HB


trans), 3.69 (pseudo-t, � 2JHcis,Htrans �� 12.8 Hz, 3JH,P � 12.8 Hz, 2H; HB
cis), 3.35


(pseudo-t, � 2JHcis,Htrans �� 11.7 Hz, 3JH,P � 11.7 Hz, 2H; H�Bcis), 3.15 ± 3.24 (m,
4H; HF), 2.82 ± 2.99 (m, 4H; HA), 2.16 ± 2.25 (m, 8H; HC�E), 1.83 ± 1.94 (m,
4H; HD), 1.44 ± 1.48 ppm (m, 4H; HG); {1H}13C NMR (50.3 MHz, CDCl3,
297 K): �� 172.9 (Cq; HNC�O), 171.1 (Cq� O�CN (ring)), 135.4 ± 136.3 (m;
Cq, Ci,aromat.), 133.5 (d, � 2JC,P �� 21 Hz, CH; Co,aromat.), 128.3 ± 129.6 (m, CH;
Cm�p,aromat.), 48.8 (m, CH2; CB), 48.0 (m, CH2; CB�), 39.2 (m, CH; CA), 39.0
(CH2; CF), 37.2 (m, CH; CA�), 35.6 (CH2; CC/E), 33.5 (CH2; CE/C), 27.0 (CH2;
CG), 21.0 ppm (CH2; CD); {1H}31P NMR (121.5 MHz, CDCl3, 295 K): ��
�12.1 ppm (s, br); IR (KBr): �� � 3426 w, 3307 m (�(N�H)), 3050 w, 2928 w,
2868 w, 1642 vs (br, �(C�O)), 1542 w, 1480 w, 1433 vs (�(P�Ph)), 1329 w,
1250 w, 1198 w, 1093 m, 1026 m, 999 m, 912 w, 740 s (�(C�Haromat.)), 696
(�(C�Haromat.)), 506 m, 481 w cm�1; [�]20


D ��121.2� (c� 0.474, CHCl3); MS
(FAB): m/z (%): 1159 (55) [M�H]� , 973 (12) [M�PPh2 �H]� , 185 (100)
[PPh2]� ; elemental analysis calcd (%) for C70H74N4O4P4 (1158.28): C 72.53,
H 6.43, N 4.83; found: C 72.12, H 6.41, N 4.78.


G1-DAB-dendr-(glutaroyl-pyrphos)4 : Yield 835 mg (240 �mol, 90%);
m.p.:84 ± 98 �C; 1H NMR (400.13 MHz, CDCl3, 300 K) �� 7.10 ± 7.38 (m,
80H; Haromat.), 7.06 (t, 3JH,H � 5.3 Hz, 4H; NH), 3.85 ± 3.97 (m, 8 H; HB


trans ),
3.64 (pseudo-t, � 2JH,H �� 12.9 Hz, 3JH,P � 12.9 Hz, 4H; HB


cis), 3.33 (pseudo-t,
� 2JH,H �� 11.8 Hz, 3JH,P � 11.8 Hz, 4 H; HB


cis), 3.21 (m, 8H; HF), 2.91 ± 2.94
(m, 4H; HA), 2.85 ± 2.88 (m, 4 H; HA), 2.35 ± 2.40 (m, 12H; HH�I), 2.13 ± 2.22
(m, 16 H; HC�E), 1.80 ± 1.86 (m, 8 H; HD), 1.55 ± 1.60 (m, 8H ± HG), 1.34 ±
1.38 ppm (m, 4 H; HJ); {1H}13C NMR (75.5 MHz, CDCl3, 298 K): �� 172.5
(Cq, HNC�O), 171.0 (Cq, NC�O), 135.4 ± 136.4 (m; Cq, Ci,aromat.), 133.2 ±
133.6 (m; CH, Cm,aromat.), 128.5 ± 129.4 (m, CH; Co�p,aromat.), 53.9 (CH2; CI),
52.1 (CH2; CH), 48.7 (pseudo-t, � 2JC,P �� 11 Hz, 3JC,P�� 11 Hz, CH2; CB), 48.0
(pseudo-t, � 2JC,P �� 3JC,P�� 10 Hz, CH2; CB�), 39.0 (pseudo-t, 1JC,P�� 2JC,P� ��
17 Hz, CH; CA), 38.2 (CH2; CF), 37.4 (pseudo-t, 1JC,P�� 2JC,P� �� 17 Hz, CH;
CA�), 26.9 (CH2; CG), 24.8 (CH2; CJ), 20.9 ppm (CH2; CD); {1H}31P NMR
(121.5 MHz, CDCl3, 298 K): ���12.1 ppm (br s); IR (KBr): �� � 3410 w,
3306 m (�(N�H)), 3050 w, 2929 m, 1644 vs (br, �(C�O)), 1538 m, 1433 vs
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(�(C�P)), 1250 w, 1092 w, 1026 w, 910
w, 740 s (�(C�Haromat.)), 696 vs
(�(C�Haromat.)), 506 m; [�]20


D ��
138.3� (c� 0.48, CHCl3); MS (FAB):
m/z (%): 2459 (71) [M]� , 2273 (15)
[M�PPh2]� , 2089 (24) [M� 2PPh2]� ,
1230 (25) [M]2�, 185 (100) [PPh2]� ;
elemental analysis calcd (%) for C148H164N10O8P8 (2458.78): C 72.30, H 6.72,
N 5.70; found: C 72.02, H 6.55, N 5.48.


G2-DAB-dendr-(glutaroyl-pyrphos)8 : Yield: 488 mg (96.4 �mol, 88%);
m.p.: 95 ± 108 �C; 1H NMR (300.17 MHz, CDCl3, 298 K): �� 7.04 ± 7.48
(m, 168 H; Haromat. , NH), 3.85 ± 4.00 (m, 16 H; HB


trans), 3.66 (pseudo-t,
� 2JH,H �� 12.9 Hz, 3JH,P � 12.9 Hz, 8 H; HB


cis), 3.34 (pseudo-t, � 2JH,H ��
11.8 Hz, 3JH,P � 11.8 Hz, 8H; HB�


cis), 3.19 ± 3.25 (m, 16H; HF), 2.80 ± 3.01
(m, 16 H; HA), 2.30 ± 2.42 (m, 36H; HH�I�K�L), 2.10 ± 2.23 (m, 32H; HE�C),
1.80 ± 1.91 (m, 16H; HD), 1.45 ± 1.68 (m, 24H; HG�J), 1.32 ± 1.40 ppm (m,
4H; HM); {1H}13C NMR (75.5 MHz, CDCl3, 298 K): �� 172.7 (Cq,
HNC�O), 171.1 (Cq, O�CN(ring)), 135.4 ± 136.4 (m; Cq, Ci,aromat.), 133.3 ±
133.7 (m, CH; Cm,aromat.), 128.1 ± 130.0 (m, CH; Co�p,aromat.), 54.2 (CH2, br;
CL), 52.2�51.9 (CH2, br; CH�I�K), 48.8 (m, CH2; CB), 48.0 (m, CH2; CB�),
38.9 (pseudo-t, 1JC,P�� 2JC,P� �� 17 Hz, CH; CA), 38.1 (CH2; CF), 37.2
(pseudo-t, 1JC,P�� 2JC,P� �� 17 Hz, CH; CA�), 35.6 (CH2; CC/E), 33.6 (CH2;
CE/C), 26.9 (CH2; CG), 25.1 (CH2; CJ/M), 24.5 (CH2; CJ/M), 21.0 ppm (CH2;
CD); {1H}31P NMR (121.5 MHz, CDCl3, 297 K): ���12.2 (s, br); IR (KBr):
�� � 3426 w, 3305 m (�(N�H)), 3005 m, 2930 m, 2863 m, 2803 m, 1646 vs (br,
�(C�O)), 1543 s, 1480 s, 1433 vs (�(C�P)), 1337 m, 1277 w, 1250 w, 1210 w,
1157 m, 1093 m, 1026 w, 999 w, 910 w, 741 vs (�(C�Haromat.)), 696 vs
(�(C�Haromat.)), 506 s, 480 m; [�]20


D ��138.0� (c� 0.478, CHCl3); MS
(MALDI-TOF, 1,8,9-trihydroxyanthracene): m/z (%): 5059 [M�H]� , 5075
[M�H�O]� (oxidation in the matrix); elemental analysis calcd (%) for
C304H344N22O16P16 (5057.80): C 72.19, H 6.86, N 6.09; found: C 71.82, H 6.62,
N 5.78.


G3-DAB-dendr-(glutaroyl-pyrphos)16 : Yield 659 mg (64.3 �mol, 87%);
m.p.: 96 ± 110 �C; 1H NMR (300.17 MHz, CDCl3, 298 K,): �� 7.13 ± 7.42
(m, 336 H; Haromat. , NH), 3.82 ± 3.96 (m, 32 H; HB


trans), 3.63 (pseudo-t,
� 2JH,H �� 12.9 Hz, 3JH,P � 12.9 Hz, 16H; HB


cis), 3.32 (pseudo-t, � 2JH,H ��
11.6 Hz, 3JH,P � 11.6 Hz, 16 H; HB�


cis), 3.15 ± 3.23 (m, 32 H; HF), 2.81 ± 2.96
(m, 32 H; HA), 2.30 ± 2.42 (m, 84H; HH�I�K�L�N�O), 2.10 ± 2.18 (m, 64H;
HE�C), 1.77 ± 1.88 (m, 32H; HD), 1.45 ± 1.59 (m, 56 H; HG�J�M), 1.28 ±
1.36 ppm (m, 4 H; HP); {1H}13C NMR (125.7 MHz, CDCl3, 283 K): ��
172.6 (Cq, HNC�O), 171.0 (Cq, O�CN(ring)), 135.3 ± 136.2 (m; Cq,
Ci,aromat.), 133.3 ± 133.5 (m, CH; Cm,aromat.), 128.5 ± 129.7 (m, CH; Co�p,aromat.),
51.0 ± 53.8 (CH2, br; CH�I�K�L�N�O), 48.6 (pseudo-t, � 2JC,P �� 3JC,P�� 10 Hz,
CH2; CB), 47.9 (pseudo-t, � 2JC,P �� 3JC,P�� 10 Hz, CH2; CB�), 38.8 (pseudo-t,
1JC,P�� 2JC,P� �� 17 Hz, CH; CA), 37.7 (br, CH2; CF), 37.0 (pseudo-t, 1JC,P��
2JC,P� �� 17 Hz, CH; CA�), 35.4 (CH2; CC/E), 33.6 (CH2; CE/C), 26.8 (CH2; CG),
24.1 ± 24.8 (br, CH2; CJ�M�P), 20.9 ppm (CH2; CD); {1H}31P NMR
(121.5 MHz, CDCl3, 297 K): ���12.1 ppm (s, br); IR (KBr): �� � 3426 w,
3305 m (�(N�H)), 3051 m, 2929 m, 2868 m, 2806 m, 1643 vs (br, �(C�O)),
1543 s, 1433 vs (�(C�P)), 1341 m, 1277 w, 1250 w, 1212 w, 1157 m, 1093 m,
1026 w, 999 w, 911 w, 741 vs (�(C�Haromat.)), 696 vs (�(C�Haromat.)), 644 w,
506 s, 480 m; [�]20


D ��137.3� (c� 0.482, CHCl3); MS (MALDI-TOF, 1,8,9-
trihydroxyanthracene): m/z (%): 10263 [M]� , 9892 [M� 2 PPh2]� ; elemen-
tal analysis calcd (%) for C616H704N46O32P32 (10255.83): C 72.14, H 6.92, N
6.28; found: C 71.90, H 6.72, N 5.52.


G4-DAB-dendr-(glutaroyl-pyrphos)32 : Yield 445 mg (21.7 �mol, 85%);
m.p.: 92 ± 111 �C; 1H NMR (500.14 MHz, CDCl3, 283 K): �� 7.38 ± 7.44
(m, 32H; NH) 7.11 ± 7.38 (m, 640 H; Haromat.), 3.83 ± 3.96 (m, 64H; HB


trans),
3.63 (pseudo-t, � 2JH,H �� 12.7 Hz, 3JH,P � 12.7 Hz, 32 H; HB


cis), 3.31 (pseudo-
t, � 2JH,H �� 11.6 Hz, 3JH,P � 11.6 Hz, 32H; HB�


cis), 3.12 ± 3.21 (m, 64H; HF),
2.88 ± 2.96 (m, 32H; HA), 2.80 ± 2.87 (m, 32 H; HA), 2.23 ± 2.42 (m, 180 H;
HH�I�K�L�N�O�Q�R), 2.05 ± 2.18 (m, 128 H; HE�C), 1.77 ± 1.88 (m, 64 H; HD),
1.43 ± 1.61 (m, 120 H; HG�J�M�P), 1.29 ± 1.34 (m, 4 H; HS); {1H}13C NMR
(75.5 MHz, CDCl3, 298 K): �� 172.7 (Cq, HNC), 171.1 (Cq, O�CN(ring)),
135.4 ± 136.3 (m, Cq, Ci,aromat.), 133.3 ± 133.5 (m, CH; Cm,aromat.), 128.4 ± 129.6
(m, CH; Co�p,aromat.), 51.0 ± 52.8 (br, CH2; CH�I�K�L�N�O�Q�R), 48.8 (m, CH2;
CB), 48.0 (m, CH2; CB�), 38.8 (m, CH; CA), 37.7 (br, CH2; CF), 37.1 (m, CH;
CA�), 35.4 (CH2; CC/E), 33.7 (CH2; CE/C), 26.9 (CH2; CG), 24.1 ± 24.8 (br, CH2;
CJ�M�P�S), 20.9 ppm (CH2; CD); {1H}31P NMR (121.51 MHz, CDCl3, 297 K):
���12.1 (s, br); IR (KBr): 3438 w, 3306 m (�(N�H)), 3050 m, 2930 m, 2863
m, 2803 m, 1644 vs (br, �(C�O)), 1548 m, 1433 vs (�(P�Ph)), 1343 w, 1250 w,
1181 w, 1157 w, 1093 m, 1067 w, 996 w, 910 w, 741 vs (�(C�Haromat.)), 696 vs
(�(C�Haromat.)), 506 m, 481 cm�1 w; [�]20


D ��136.1� (c� 0.476, CHCl3); MS
(MALDI-TOF, 1,8,9-trihydroxyanthracene): m/z (%): 20632 [M� 6H]� ,
20684 [M�3O]� (oxidation in the matrix), 20287 [M� 2PPh2]� ; elemental
analysis calcd (%) for C1240H1424N94O64P64 (20651.89): C 72.12, H 6.95, N
6.38; found: C 72.30, H 6.87, N 5.97.


General procedure for the metalation reactions : To a solution of the
dendritic phosphane (80 ± 120 mg) in CH2Cl2 (4 mL) was added [(1,5-
cod)2Rh]BF4 (1.0 equiv per bisphosphane unit) in CH2Cl2 (3 mL). The
resulting yellow-orange solution was stirred for 18 h at room temperature,
then passed through Celite (3 cm) and concentrated to 0.5 mL in vacuo.
Upon addition of diethyl ether (20 mL) a yellow-orange solid precipitated
which was separated from the supernatant liquid by centrifugation, washed
with diethyl ether and twice with n-pentane and dried under vacuum.


G0-DAB-dendr-(glutaroyl-pyrphos-Rh(cod)BF4)2 : Yield: 212 mg
(121 �mol, 94%); m.p. 223 �C; 1H NMR (300.17 MHz, CD2Cl2, 298 K):
�� 7.39 ± 7.99 (m, 40 H; Haromat.), 6.40 ± 6.46 (m, 2 H; NH), 5.15 ± 5.23 (m,
4H; HC� (cod)), 4.50 ± 4.62 (m, 4 H; HC� (cod)), 3.72 ± 3.82 (m, 2 H; HB),
3.63 ± 3.71 (m, 2H; HB), 3.11 ± 3.27 (m, 2 H; HA/B), 2.88 ± 3.10 (m, 8 H; 4�
HA/B, HF), 2.70 ± 2.83 (m, 2 H; HA/B), 2.37 ± 2.62 (m, 8H; CH2 (cod)), 2.10 ±
2.28 (m, 8H; CH2 (cod)), 1.92 ± 2.10 (m, 8H; HC�E), 1.60 ± 1.76 (m, 4 H; HD),
1.30 ± 1.41 ppm (m, 4H; HG); {1H}13C NMR (75.5 MHz, CD2Cl2, 298 K):
�� 173.5 (br; Cq, HNC�O), 172.1 (Cq, O�CN(ring)), 137.0 (CH; Caromat.),
133.8 (CH; Caromat. , rotamer A), 132.2 (CH; Caromat. , rotamer B), 130.1 ±
131.2 (m, CH; Caromat.), 128.8 (dd, 1JC,P� 43 Hz, � 2JCRh �� 18 Hz; Cq, Ci,aromat. ,
rotamer A), 126.4 (dd, 1JC,P� 42 Hz, � 2JCRh �� 6 Hz; Cq, Ci,aromat. , rotamer
B), 104.6 (CH;�CH (cod)), 98.6 (CH;�CH (cod)), 44.6 (m, CH2; CB), 43.6
(m, CH; CA), 43.2 (m, CH2; CB�), 41.9 (m, CH; CA�), 39.1 (CH2; CF), 35.6
(CH2; CC/E), 33.3 (CH2; CE/C), 32.3 (CH2; cod), 28.8 (CH2; cod), 26.7 (CH2;
CG), 21.0 ppm (CH2; CD); {1H}31P NMR (121.5 MHz, CD2Cl2, 298 K): ��
33.9 (dd, 1JP,Rh � 147 Hz, � 2JP,P� �� 28.0 Hz; P), 33.0 (dd, 1JP�,Rh � 150 Hz; P�);
IR (KBr): �� � 3394 m (�(N�H)), 3042 w, 2926 m, 2875 w, 1637 vs (�(C�O)),
1542 w, 1435 s (�(P�Ph)), 1335 w, 1181 w, 1099 m, 1084 vs, 1057 vs, 996 m,
747 s (�(C�Haromat.)), 696 s (�(C�Haromat.)), 529 m, 519 cm�1 m; MS (ESI):
m/z (%): 790 [M]2�, 1667 [M2��BF4


�]� ; elemental analysis calcd (%) for
C86H98B2F8N4O4P4Rh2 (1755.06): C 58.86, H 5.63, N 3.19; found: C 58.99, H
5.30, N 3.01.


G1-DAB-dendr-(glutaroyl-pyrphos-Rh(cod)BF4)4 : Yield: 425 mg
(116 �mol, 94%); m.p. �237 �C (decomp); 1H NMR (500.14 MHz, CD2Cl2,
300 K): �� 7.41 ± 7.96 (m, 80 H; Haromat.), 6.88 ± 6.92 (m, 4 H; NH), 5.17 ± 5.26
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(m, 8H; HC� (cod)), 4.52 ± 4.60 (m, 8H;
HC� (cod)), 3.71 ± 3.79 (m, 4 H; HB), 3.64 ±
3.71 (m, 4 H; HB), 3.15 ± 3.25 (m, 4 H; HA/B),
3.00 ± 3.10 (m, 12 H; 4�HA/B, HF), 2.90 ±
3.00 (m, 4H; HA/B), 2.73 ± 2.79 (m, 4H;
HA/B), 2.50 ± 2.59 (m, 8 H; CH2 (cod)),
2.40 ± 2.49 (m, 8H; CH2 (cod)), 1.95 ± 2.55
(m, vbr, 12 H; HH�I), 2.10 ± 2.23 (m, 16 H; CH2 (cod)), 1.91 ± 2.08 (m, 16H;
HC�E), 1.49 ± 1.69 (m, 8 H; HD), superimposed by 1.35 ± 1.60 (m, 8 H; HG),
1.28 ± 1.36 ppm (m, 4H; HJ); {1H}13C NMR (75.5 MHz, CDCl3/CD2Cl2,
298 K): �� 173.0 (br; Cq, HNC�O), 171.4 (Cq, O�CN(ring)), 137.2 (CH;


Caromat.), 133.4 (CH; Caromat. , rotamer A), 131.7 (CH; Caromat. , rotamer B),
129.8 ± 131.2 (m, CH; Caromat.), 127.1 (dd, 1JC,P� 44 Hz, � 2JCRh �� 27 Hz; Cq,
Ci,aromat. , rotamer A), 125.6 (d, 1JC,P� 42 Hz; Cq, Ci,aromat. , rotamer B), 103.7
(m, CH; �CH (cod)), 97.9 (m, CH; �CH (cod)), 51.1 (br, CH2; HH�I), 43.9
(m, CH2; CB), 42.9 (m, CH2; CB�), 42.8 (m, CH; CA), 41.4 (m, CH; CA�), 36.7
(br, CH2; CF), 34.9 (CH2; CC/E), 32.9 (CH2; CE/C), 31.8 (CH2; cod), 28.1
(CH2; cod), 27.1 (CH2; CG), 25.4 (CH2; CJ), 20.5 ppm (CH2; CD); {1H}31P
NMR (121.5 MHz, CD2Cl2, 298 K): �� 33.9 (dd, 1JP,Rh � 150 Hz, � 2JP,P� ��
28.0 Hz; P), 33.0 ppm (dd, 1JP�,Rh � 150 Hz; P�); IR (KBr): �� � 3396 m
(�(N�H)), 3049 w, 2942 m, 2879 w, 1642 vs (br, �(C�O)), 1542 w, 1435 s
(�(P�Ph)), 1333 w, 1182 w, 1096 m, 1084 vs, 1058 vs br, 998 m, 748 s
(�(C�Haromat.)), 696 s (�(C�Haromat.)), 535 s, 519 s, 475 m; elemental analysis
calcd (%) for C180H212B4F16N10O8P8Rh4 (3650.36): C 59.22, H 5.85, N 3.84;
found: C 59.04, H 5.94, N 3.79.


G2-DAB-dendr-(Glutaroyl-Pyrphos-Rh(COD)BF4)8 : Yield: 189 mg
(25.4 �mol, 99%); m.p.: �245 �C (decomp); 1H NMR (300.17 MHz,
CD2Cl2, 298 K): �� 7.40 ± 7.99 (m, 160 H; Haromat.), 6.75 ± 6.92 (m, 8H;
NH), 5.16 ± 5.23 (m, 16H; HC� (cod)), 4.50 ± 4.62 (m, 16 H; HC� (cod)),
3.64 ± 3.77 (m, 16H; HB), 3.14 ± 3.27 (m, 8H; HA/B), 2.89 ± 3.13 (m, 32H;
16�HA/B, HF), 2.67 ± 2.82 (m, 8 H; HA/B), 2.35 ± 2.65 (m, 32 H; CH2 (cod)),
superimposed by 2.30 ± 2.64 (m, vbr, 36H; HH�I�K�L), 2.11 ± 2.26 (m, 32H;
CH2 (cod)), 1.87 ± 2.08 (m, 32 H; HC�E),
1.45 ± 1.79 (m, 40 H; HD,HG�J), 1.28 ±
1.34 ppm (m, 4H; HM); {1H}13C NMR
(75.5 MHz, CDCl3, 298 K): �� 172.6 (br;
Cq, HNC�O), 171.1 (Cq; O�CN (ring)),
137.1 (CH; Caromat.), 133.2 (CH; Caromat. ,
rotamer A), 131.5 (CH; Caromat. , rotamer
B), 128.5 ± 131.7 (m, CH; Caromat.), 126.9
(dd, 1JC,P� 44 Hz, � 2JCRh �� 22 Hz; Cq, Ci,aromat. , rotamer A), 125.6 (d, 1JC,P�
42 Hz; Cq, Ci,aromat. , rotamer B), 103.7 (m, CH; �CH, COD), 97.7 (m, CH;
�CH, cod), 50.0 ± 51.9 (br, CH2; HH�I�K�L), 43.7 (m, CH2; CB), 42.5 (m, CH;
CA), 41.3 (m, CH; CA�), 40.7 (m, CH2; CB�), 36.7 (br, CH2; CF), 34.6 (CH2; CC/


E), 32.7 (CH2; CE/C), 31.6 (CH2; COD), 27.8 (CH2; COD), 26.0 (CH2; CG�J),
25.6 (CH2; CM), 20.7 ppm (CH2; CD); {1H}31P NMR (121.5 MHz, CD2Cl2,
297 K): �� 33.9 (dd, 1JP,Rh � 150 Hz, � 2JP,P� �� 28.0 Hz; P), 32.8 ppm (dd,
1JP�,Rh � 147 Hz; P�); IR (KBr): �� � 3403 m (�(N�H)), 3061 w, 2946 m, 2869
w, 1644 vs (br, �(C�O)), 1538 w, 1435 s (�(P�Ph)), 1335 w, 1185 w, 1096 m,
1084 vs, 1058 vs br, 998 m, 748 m (�(C�Haromat.)), 696 s (�(C�Haromat.)), 539 s,
520 s, 478 w; elemental analysis calcd (%) for C368H440B8F32N22O16P16Rh8


(7440.95): C 59.40, H 5.96, N 4.14; found: C 59.52, H 5.92, N 3.80.


G3-DAB-dendr-(glutaroyl-pyrphos-Rh(cod)BF4)16 : Yield: 187 mg
(12.4 �mol, 94%); m.p.: �274 �C (decomp); 1H NMR (300.17 MHz,
CD2Cl2, 298 K): �� 7.40 ± 8.02 (m, 320 H; Haromat.), 6.90 ± 7.06 (m, 16H;


NH), 5.14 ± 5.24 (m, 32H; HC� (cod)), 4.50 ± 4.61 (m, 32 H; HC� (cod)),
3.58 ± 3.80 (m, 32H; HB), 3.11 ± 3.28 (m, 16 H; HA/B), 2.85 ± 3.11 (m, 64H;
32�HA/B, HF), 2.62 ± 2.83 (m, 16 H; HA/B), 2.30 ± 2.62 (m, 64H; CH2 (cod)),
superimposed by 2.30 ± 2.64 (m, vbr, 84H; HH�I�K�L�N�O), 2.10 ± 2.27 (m,
64H; CH2 (cod)), 1.86 ± 2.07 (m, 64 H; HC�E), 1.32 ± 1.77 (m, 88H;
HD,HG�J�M), 1.26 ± 1.30 ppm (m, 4 H; HP); {1H}13C NMR (75.5 MHz,
CD2Cl2, 298 K): �� 172.9 (br; Cq, HNC�O), 171.6 (Cq, O�CN (ring)),
137.1 (CH; Caromat.), 133.8 (CH; Caromat. , rotamer A), 132.2 (CH; Caromat. ,
rotamer B), 128.8 ± 132.0 (m, CH; Caromat.), 128.0 (dd, 1JC,P� 44 Hz, � 2JCRh �
� 18 Hz; Cq, Ci,aromat. , rotamer A), 125.6 (d, 1JC,P� 39 Hz; Cq, Ci,aromat. ,
rotamer B), 104.7 (m, CH; �CH (cod)), 98.4 (m, CH; �CH (cod)), 51.1 ±
53.0 (br, CH2; HH�I�K�L�N�O), 44.6 (m, CH2; CB), 43.6 (m, CH2; CB�), 43.4
(m, CH; CA), 41.8 (m, CH; CA�), 37.9 (br, CH2; CF), 35.5 (CH2; CC/E), 33.4
(CH2; CE/C), 32.4 (CH2; cod), 28.8 (CH2; cod), 26.8 ± 28.0 (br, CH2;
CG�J�M�P), 21.1 ppm (CH2; CD); 31P{1H} NMR (121.52 MHz, CD2Cl2,
297 K): �� 33.9 (dd, 1JP,Rh � 148 Hz, � 2JP,P� �� 28.0 Hz; P), 33.0 (dd, 1JP�,Rh �
150 Hz; P�); IR (KBr): �� � 3419 m (�(N�H)), 3054 w, 2935 m, 2881 w, 1640
vs (br, �(C�O)), 1552 w, 1437 s (�(P�Ph)), 1337 w, 1181 w, 1163 w, 1121 m,
1096 m, 1086 vs, 1059 vs br, 750 w, 727 m, 696 s (�(C�Haromat.)), 541 m, 521 s;
elemental analysis calcd (%) for C744H896B16F64N46O32P32Rh16 (15022.21): C
59.49, H 6.01, N 4.29; found: C 59.78; H 5.88, N 3.97.


G4-DAB-dendr-(glutaroyl-pyrphos-Rh(cod)BF4)32 : Yield: 172 mg
(5.70 �mol, 89%); m.p.: �248 �C (decomp); 1H NMR (300.17 MHz,
CD2Cl2, 298 K): �� 7.12 ± 8.05 (m, 672 H; Haromat. , NH), 5.15 ± 5.27 (m,
64H; HC� (cod)), 4.48 ± 4.63 (m, 64H; HC� (cod)), 3.58 ± 3.77 (m, 64H;
HB), 3.15 ± 3.30 (m, 32H; HA/B), 2.85 ± 3.14 (m, 128 H; 64�HA/B, HF), 2.06 ±
2.83 (3 multiplets, vbr, 468 H; 32�HA/B, 2x 64H, CH2 (cod), 180 H;
HH�I�K�L�N�O�Q�R), 1.83 ± 2.06 (m, 128 H; HC�E), 1.30 ± 1.64 (m, 184 H;
HD,HG�J�M�P), 1.25 ± 1.29 ppm (m, 4 H; HS); {1H}13C NMR (75.5 MHz,
CD2Cl2, 298 K): �� 173.1 (br; Cq, HNC�O), 171.6 (Cq, O�CN(ring)), 137.1
(CH; Caromat.), 133.8 (CH; Caromat. , rotamer A), 132.2 (CH; Caromat. , rotamer
B), 128.9 ± 132.1 (m, CH; Caromat.), 128.0 (m; Cq, Ci,aromat. , rotamer A), 125.6
(d, 1JC,P� 42 Hz; Cq, Ci,aromat. , rotamer B), 104.7 (m, CH; �CH, cod), 98.6
(m, CH;�CH, cod), 50.9 ± 52.9 (br, CH2; HH�I�K�L�N�O�Q�R), 44.5 (m, CH2;
CB), 43.6 (m, CH2; CB�), 43.3 (m, CH; CA), 42.0 (m, CH; CA�), 37.9 (br, CH2;
CF), 35.5 (CH2; CC/E), 33.5 (CH2; CE/C), 32.4 (CH2; cod), 28.7 (CH2; cod),
26.9 ± 28.0 (br, CH2; CG�J�M�P�S), 21.0 ppm (CH2; CD); {1H}31P NMR
(121.5 MHz, CD2Cl2, 297 K): �� 33.9 (dd, 1JP,Rh � 150 Hz, � 2JP,P� �� 28.0 Hz;
P), 32.9 ppm (dd, 1JP�,Rh � 153 Hz; P�); IR (KBr): �� � 3397 m (�(N�H)),
3054 w, 2925 m, 2875 w, 2827w, 1647 vs (br, �(C�O)), 1541 w, 1480 w, 1435 vs
(�(P�Ph)), 1334 w, 1181 w, 1097 s, 1056 vs br, 996 m, 747 m (�(C�Haromat.)),


696 s (�(C�Haromat.)), 536 m, 519 s, 475 cm�1 w; elemental analysis calcd (%)
for C1496H1808B32F128N94O64P64Rh32 (30184.47): C 59.53, H 6.04, N 4.36;
found: C 59.77, H 6.05, N 4.26.


Catalytic investigations : General : The course of the catalytic hydrogena-
tions was monitored by GC/MS spectrometry performed with a Shimadzu
GC-17A/GCMS-QP5050A. Column: SGE BPX5, 5 % phenyl, polysily-
phenylene-siloxane, nonpolar, 30 m, 0.22 mm, carrier gas He. The products
were analysed by comparison of the recorded mass spectra and retention
times with those of authentic samples. The measured relative ratio of the
products was calibrated by comparative measurements with known
substance ratios using pure substances.


GC/MS-methods : Hydrogenation of dimethyl itaconate: �(injector)�
250 �C, T(interface)� 280 �C, 30 m� 0.22 mm, 0.6 mL min�1 He (column
flow), 61.0 kPa (column pressure), split 1:59. Temperature program: 80 �C,
2 min, 5 �C min�1 to 115 �C, 25 �C min�1 to 250 �C, 2.5 min. tR (dimethyl-
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methylsuccinate): 7.80 min, tR (dimethyl itaconate): 8.67 min; hydrogena-
tion of Z-�-acetamido cinnamic acid methyl ester: T(injector)� 250 �C,
T(interface)� 280 �C, 30 m� 0.22 mm, 0.5 mL min�1 He (column flow),
61.0 kPa (column pressure), split 1:70. Temperature program: 130 �C,
0.5 min, 10 �C min�1, 250 �C, 3 min. tR (methyl N-acetylphenylalanate):
9.47 min, tR (methyl Z-�-acetamidocinnamate): 11.23 min.


The determination of the enantiomeric excesses of 2-methyl-dimethylsuc-
cinate was effected by gas chromatography with a chiral column (chiraldex
G-Ta, �-cyclodextrin, trifluoroacetyl, 20 m� 0.25 mm) in a Shimadzu GC-
14A-gas chromatograph with FID detector. Method: T(injector)� 200 �C,
T(detector)� 200 �C, split 1:100, 140 kPa, He; T(start)� 60 �C, 0.8 �C min�1


to 78 �C, 5 �C min�1 to 120 �C, 5 min. tR (S enantiomer)� 17.4 min, tR (R
enantiomer)� 18.4 min.


In the case of methyl N-acetyl phenylalanate, the ee values were
determined by measuring the optical rotation and comparison with the
literature value [�]20


D ��101.5� (c� 1.0, CHCl3).[31]


General procedure for the hydrogenation experiments : The ratio Rh/
substrate was 1:400 in all cases. About 12 mg of the catalyst precursor was
put under an inert-atmosphere. The calculated amount of substrate was
added and the mixture was dissolved in absolute methanol (70 mL). The
clear solution was transferred to a laboratory autoclave (B¸chi mini-clave
drive) under N2. The inert gas was displaced with hydrogen. The pressure
was set to the chosen value and the reaction started by stirring. The
temperature was kept constant at 25� 1 �C with a water bath. For sample
taking, the stirrer was stopped at distinct times, a small quantity (ca.
100 �L) of the solution was taken with a dipping tube. The stirrer was then
restarted and the pressure reset. The sample was dissolved in methanol
(2 mL) and analyzed by GC/MS-spectrometry.


Workup of the hydrogenated solution; 2-methyl-dimethylsuccinate : The
solvent was removed under light vacuum. The catalyst was precipitated by
the addition of diethyl ether. The mixture was filtered over a layer of silica
and dried over Na2SO4. The solution was brought to a concentration of
about 1 mg substance/1 mL solvent and analyzed by gas chromatography.


Methyl N-acetyl phenylalanate : The solution was reduced to dryness. The
residue was purified by chromatography (silica gel, diethyl ether). After
removal of the solvent the product was dried under vaccuum.
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Charging and Deforming the Pybox Ligand:
Enantiomerically Pure Double Helices and Their Interconversion


Cle¬ment Mazet and Lutz H. Gade*[a]


Abstract: Reaction of pyrrole-2,5-bis-
carbonitrile (1) with an excess of (S)-
or (R)-valinol in boiling chlorobenzene
selectively yielded the two enantiomeric
bis(oxazolinyl)pyrroles (S,S)-bis[2-(4,4�-
diisopropyl-4,5-dihydrooxazolyl)]pyrrole
(™S,S-iproxpH∫, 2a) and (R,R)-bis[2-
(4,4�-diisopropyl-4,5-dihydrooxazolyl)]-
pyrrole (™R,R-iproxpH∫, 2b), respec-
tively. Lithiation of 2a and 2b at
�78 �C and reaction with an equimolar
amount of [PdCl2(cod)] (cod� 1,5-cy-
clooctadiene) gave the helical dinuclear
palladium complexes (M)-[PdCl(S,S-
iproxp)]2 (3a) and (P)-[PdCl(S,S-
iproxp)]2 (3b) as well as (P)-[PdCl(R,R-
iproxp)]2 (4a) and (M)-[PdCl(R,R-
iproxp)]2 (4b). Reaction of a 1:1 mixture
of lithiated 2a and 2b with an equimolar
amount of [PdCl2(cod)] gave a mixture
of the homochiral complexes 3a,b and
4a,b along with the racemic mixture of


the heterochiral complex [Pd2Cl2(S,S-
iproxp)(R,R-iproxp)] (5). The double
helical structure as well as the absolute
configuration of these neutral dinuclear
palladium complexes was confirmed by
X-ray diffraction studies of all five
complexes. One of the oxazolyl units
and the anionic pyrrolide occupy two
coordination sites in an approximately
square-planar ligand arrangement at the
Pd centers whereas the second oxazolyl
ring is twisted out of this plane and binds
to the second metal center. The hetero-
chiral complex 5 does not possess any
element of molecular symmetry. The P-
helical complexes 3b and 4a display a
positive CD at 310 nm and a weaker
negative CD at 350 nm, while the com-


pounds possessing M-helicity have the
corresponding mirror image CD spectra.
Complexes 3a and 4a have an additional
weak long wavelength CD feature be-
tween 380 and 420 nm which is absent in
the spectra of 3b and 4b. Upon heating a
solution of 3b, interconversion to the
diastereomer of opposite helicity 3a sets
in, for which a first-order rate law with
respect to the concentration of the
complex was established; activation pa-
rameters: �H�� 68 kJmol�1, �S��
�99 Jmol�1K�1. A cross-over experi-
ment monitored by 1H NMR spectro-
scopy also gave the racemate of the
mixed-ligand complex 5 : (P)-[Pd2Cl2-
(S,S-iproxp)(R,R-iproxp)] and (M)-
[Pd2Cl2(S,S-iproxp)(R,R-iproxp)] indi-
cating an intermolecular exchange in-
volving mononuclear {PdCl(iproxp)}
complex fragments.


Keywords: chiral ligands ¥ helical
structures ¥ N ligands ¥ palladium


Introduction


Helical chirality is ubiquitous in coordination chemistry and
provided the basis for Alfred Werner×s revolutionary studies
at the beginning of the 20th century.[1] Elements of helicality,
such as chiral axes and planes, originally formulated for
mononuclear complexes, may provide the basic motif for the
construction of polynuclear metal compounds.[2] Polydentate
ligands then play the ro√ le of helical strands which assemble
around two or more metal centers. First formulated in 1969 by
Harris and McKenzie for a triply stranded dicopper helical
complex,[3] a large number of helical structures have been
characterized during the three decades which followed.[4, 5] An
important development was the formulation of the general


conceptual framework by Lehn and co-workers, who also
introduced the term ™helicate∫ for such structures.[6]


Generally, racemic mixtures of P (right handed) and M (left
handed) helices are obtained when the starting ligands used
are nonchiral. In recent years, the isolation of stereochemi-
cally pure transition-metal helical complexes has been the
focus of much attention. However, there are still relatively
few examples in the literature of enantiomerically or diaster-
eomerically resolved helical structures to date.[7] The latter
has been achieved inter alia by chromatography using a chiral
stationary phase or selective crystallization. From a synthetic
point of view, the most commonly applied strategy for
achieving stereochemical uniformity is the introduction of
chiral information into the ligand strand such that the (S)n-M
and (S)n-P helicates are related as diastereomers instead of
enantiomers.[8]


The conceptual background and the choice of the model
system : We recently began to develop the coordination
chemistry of a new class of potentially tridentate, mono-
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anionic N-donor ligands based on the combination of two
oxazoline rings and a central pyrrole unit.[9] This system may
be viewed as being derived from the well established pyridine-
bisoxazoline (™pybox∫) ligand (I) introduced to the field of
asymmetric catalysis by Nishiyama and co-workers roughly a
decade ago.[10, 11] Upon substitution of the pyridine ring by a
phenyl unit, a formally anionic version of this system (™phe-
box∫, II) was obtained more recently by the same group.[12]


Charging of the pybox system, while at the same time
deforming the arrangement of the three donor atoms, was
the intended result of introducing a central pyrrole ring in the
tridentate ligand system III (Figure 1).


A preliminary study of the coordination chemistry of an
achiral derivative of III, the bis[2-(4,4�-dimethyl-4,5-dihy-
drooxazolyl)]pyrrolide (dmoxp) (IV), revealed that the
arrangement of its three N-donor atoms does not permit
meridional tris-coordination to a single metal center.[9] For the
square-planar palladium(��) complexes obtained with this
ligand, the coordinatively unsaturated mononuclear species
were stabilized instead by aggregation to form a racemic
mixture of chiral helical dimers [Pd2(dmoxp)2Cl2] (V)
(Scheme 1).


Scheme 1. Square-planar palladium(��) complexes obtained with the achi-
ral bis[2-(4,4�-dimethyl-4,5-dihydrooxazolyl)]pyrrolide (dmoxp) ligand.


In view of the kinetic stability of the neutral dinuclear
palladium complexes synthesized with the new ligand sys-
tem,[13] this class of compounds appeared to be ideally suited
for a detailed study of the structures of stereochemically well-
defined helical complexes and the investigation of dynamic
behavior of helix formation, dissociation and interconversion.
Using chiral bis(oxazolinyl)pyrrole derivatives, it was thought


that a diastereoselective access to such helical complexes
might be feasible. Alternatively, the separation of mixtures of
the kinetically stable diasteromeric helices could provide
access to stereochemically uniform complexes. This paper is
the first comprehensive report on the coordination chemistry
of helical dipalladium complexes containing the new class of
chiral bis(oxazolinyl)pyrrolide ligands, the dynamics of helix
interconversion and the chiroptical properties of the com-
plexes.


Results and Discussion


Synthesis of the ligands : Among the numerous established
routes from amino alcohols to oxazolines,[14, 15] we focused on
the one-step reaction using an amino alcohol/nitrile conden-
sation to prepare the target molecules. An overview of the
synthetic approach is given in Scheme 2. The key intermediate


Scheme 2. Synthesis of the chiral bis[2-(4,4�-isopropyl-4,5-dihydrooxazo-
lyl)]pyrrole (iproxp) ligands 2a and 2b. a) H2NOH ¥ HCl, Et3N, CH3CN,
phthalic anhydride, 56%; b) ZnCl2, (R)- or (S)-valinol, C6H5Cl, reflux, 70 ±
72%.


Figure 1. Charging and deforming the pybox ligand: the conceptual background and the choice of the model system.
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is the pyrrole-2,5-biscarbonitrile (1) which was reported
previously by Barnett and co-workers.[16] These workers
obtained compound 1 in very modest yield by reaction of
chlorosulfonyl isocyanate with pyrrole. To prepare this
important starting material for the ligand synthesis on a
larger scale, the known pyrrole-2,5-biscarboxaldehyde was
converted to its nitrile analogue by dehydration of its oxime
derivative with phthalic anhydride using a one-pot protocol
which has been recently described by Wang et al. for related
transformations.[17]


Reaction of pyrrole-2,5-biscarbonitrile (1) with an excess of
(S)- or (R)-valinol in boiling chlorobenzene in the presence of
a catalytic amount of activated ZnCl2 selectively yielded the
two enantiomeric bis(oxazolinyl)pyrroles (S,S)-bis[2-(4,4�-di-
isopropyl-4,5-dihydrooxazolyl)]pyrrole (™S,S-iproxpH∫, 2a)
and (R,R)-bis[2-(4,4�-diisopropyl-4,5-dihydrooxazolyl)]pyr-
role (™R,R-iproxpH∫, 2b), respectively. Both compounds
were readily purified by flash chromatography and isolated
as air-stable off-white solids in 70 ± 72% yield.


Synthesis and structural characterization of the helical
palladium complexes containing the chiral bis(oxazolinyl)-
pyrrole ligands : The bis(oxazolinyl)pyrrole S,S-iproxpH (2a)
was lithiated at �78 �C and the lithium pyrrolide then treated
with a slight excess of [PdCl2(1,5-cod)] at room temperature in
dry diethyl ether to give a deep orange solution. After
removal of the solvent and other volatile components, a
1H NMR spectrum was recorded of the crude reaction
mixture and indicated the presence of two novel compounds,
the metalated derivatives of 2a, in a ratio of 5:1 (along with a
slight excess of palladium precursor). These air-stable reac-
tion products were readily separated and purified by column
chromatography on silica gel using CH2Cl2 as eluent. The first
compound to be eluted, complex 3a, (Rf� 0.52) was isolated
in approximately 11% yield (based on 2a), while the second
orange band corresponded to the major species 3b (48%
yield; Rf� 0.29). These relative yields obtained after the
workup are consistent with the ratio previously established by
1H NMR integration for the crude product mixture.


The analytical data of both complexes were found to be
identical and consistent with a formulation as [PdCl(S,S-
iproxp)]n. The resonance patterns in the 1H NMR spectra of
3a and 3b are very similar, however, the chemical shifts of the
individual signals are different (Table 1). While the 1H and
13C NMR spectra of the free protonated ligand 2a contain a
half-set of signals due to its C2 symmetry, the full signal set


representing the chemical inequivalence of all proton envi-
ronments is observed in the 1H NMR spectra of 3a and 3b.
This loss of the C2 symmetry of the ligand upon complexation
to palladium, which is also reflected in the doubling of the set
of resonances in the 13C NMR spectra of both compounds, was
thought to be due to aggregation to form dimeric complexes
or higher nuclearity oligomers. This interpretation was also
confirmed by the splitting into two �(C�N) vibrational IR
bands of the two oxazolyl moieties, the position of which is
consistent with their coordination to a metal center. These
spectroscopic data, along with the observation of molecular
ion peaks at m/z 861 ([M�H]�) in their FAB mass spectra led
us to propose that 3a and 3b were two isomeric helical
dinuclear palladium complexes similar to the previously
characterized complex dimer containing the achiral bis[2-
(4,4�-dimethyl-4,5-dihydrooxazolyl)]pyrrolide (dmoxp) li-
gand. Given the chirality of the S,S-iproxp ligands, the
presence of an additional element of chirality in a complex
helix leads to the two diastereomers 3a and 3b.


Using the other ligand enantiomer, R,R-iproxp (2b), the
corresponding enantiomeric pair of diastereomers, 4a and 4b,
was obtained and isolated by a similar chromatographic work
up. As expected, both complexes thus obtained possess
identical spectroscopic and analytical data to those discussed
above. Whereas the helical homochiral complex dimers 3a,b
and 4a,b led to the expected set of pairs of diastereomers, it
was reasoned that a heterochiral combination of the two
ligands S,S-iproxp (2a) and R,R-iproxp (2b) in a dipalladium
helix would lead to a single relative stereochemistry, that is a
pair of enantiomers defined by the presence of the chiral
molecular axis. Reaction of a 1:1 mixture of lithiated 2a and
2b with an equimolar amount of [PdCl2(cod)] gave a mixture
of the homochiral complexes 3a,b and 4a,b along with an
additional component which was separated from 3b and 4b by
column chromatography on silica gel and, subsequently, from
3a and 4a by fractional crystallization. The analytical data
along with the NMR spectra and the FAB mass spectrum
established the identity of this new component as that of the
desired heterochiral complex [Pd2Cl2(S,S-iproxp)(R,R-
iproxp)] (5). The resonance patterns in the 1H and 13C NMR
spectra of 5 are similar to those of 3a (4a) and 3b (4b), albeit
with double sets of signals and different chemical shifts, now
indicating the inequivalence of all 1H and 13C nuclei in the
complex. A splitting is also observed in the band pattern in the
infrared spectrum of this complex.


The double-helical nature of these neutral dinuclear
palladium complexes was confirmed by a series of X-ray
diffraction studies of all five complexes. Suitable crystals were
grown by layering dichloromethane solutions of the respec-
tive pure palladium complexes with hexane. The molecular
structures of 4a, 4b, and 5 are depicted in Figure 2 along with
the principal bond lengths and angles.


The molecular structures of complexes 4a and 4b represent
the two diastereomeric forms of the dipalladium complexes
containing a homochiral set of the R,R-iproxp ligand and are
thus to be designated according to their helicity. This leads us
to formulate complex 4a as (P)-[PdCl(R,R-iproxp)]2 and
complex 4b as (M)-[PdCl(R,R-iproxp)]2. Accordingly, com-
plexes 3a and 3b, containing the S,S-iproxp ligand, were


Table 1. 1H NMR spectroscopic data (500 MHz) of the ligands 2a and 2b,
as well as the palladium complexes 3a,4a and 3b,4b, indicating the loss of
the C2 symmetry upon complexation. Whereas the protons in each ligand
are thus inequivalent, the two tridentate ligands in the homochiral helicates
are symmetry-equivalent. In contrast, the inequivalence of the two ligands
in the helicate 5 is reflected in a further doubling of the signal sets.


H3/4 CHiPr CH3 iPr


2a,2b 6.73 s 1.81 sept 1.00 d 0.92 d
3a,4a 6.68 d 6.60 d 2.29 sept 2.20 sept 1.14 d 1.10 d 0.87 d 0.81 d
4a,4b 7.08 d 6.90 d 2.20 sept 1.52 sept 1.50 d 0.62 d 0.38 d 0.37 d
5 6.69 d 6.67 d 3.49 sept 2.81 sept 1.32 d 1.21 d 1.01 d


6.63 d 6.61 d 2.53 sept 2.02 sept 0.86 ± 0.77 m
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characterized as the corresponding enantiomers, (M)-
[PdCl(S,S-iproxp)]2 and (P)-[PdCl(S,S-iproxp)]2, respectively.
Whereas the enantiomers 3b and 4b crystallize in the same
space group (C2), the single crystals of complexes 3a and 4a
were crystallographically nonequivalent due to a different
number of solvent molecules in the lattices. Compound 3a
crystallized in the hexagonal space group R32 with six
molecules per unit cell and two molecules of dichloromethane
in special positions. In contrast, the crystals of 4a were
orthorhombic (P212121) with four molecules per unit cell and
no solvent molecules included in the crystal lattice. Com-
pound 5, containing the heterochiral set of ligands, is
characterized by the helical axis as the only effective element
of chirality and crystallized as a racemate in the triclinic space
group P1≈. The unit cell is composed of the two enantiomers of


5, (P)-[Pd2Cl2(S,S-iproxp)(R,R-iproxp)] and (M)-[Pd2Cl2(S,S-
iproxp)(R,R-iproxp)], the latter of which is shown in Figure 2.


Using Piguet×s classification of helicates,[5b] compounds
3a,b, 4a,b and 5 represent heterotopic double-stranded
unsaturated helicates. In spite of the large number of helicates
characterized to date there are only very few examples in the
literature of either homo- or heterotopic multiply stranded
unsaturated helicates.[18] We note that a previous example of a
helical dinuclear palladium complex reported by Constable
et al. does not fall into this category of double-stranded
unsaturated helicates.[13]


Comparative discussion of the three structural types found for
the chiral dipalladium helices : As stated in the introduction,
the inability of the bisoxazolylpyrrolide ligands to act as


Figure 2. The molecular structures of 4a, 4b, and 5. Principal bond lengths [ä] and angles [�]: 4a : Pd(1)�Cl(1) 2.306(2), Pd(1)�N(1) 2.005(7), Pd(1)�N(2)
2.054(7), Pd(1)�N(3) 2.042(7), Pd(1)�Pd(2) 3.957; Cl(1)-Pd(1)-N(2) 167.1(2), N(1)-Pd(1)-N(2) 80.1(3), N(1)-Pd(1)-N(3) 176.7(3). 4b : Pd(1)�Cl(1) 2.289(1),
Pd(1)�N(1) 2.033(5), Pd(1)�N(2) 2.047(4), Pd(1)�N(6) 2.043(4), Pd(1)�Pd(2) 3.463; Cl(1)-Pd(1)-N(1) 92.9(1), N(1)-Pd(1)-N(6) 167.7(2), N(2)-Pd(1)-N(6)
99.0(2), N(5)-C(21)-C(24)-N(6) �31.4.
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tridentate ligands for palla-
dium(��) leads to the stabiliza-
tion through the formation of
the dinuclear complexes. In
these dimers, one of the oxa-
zolyl units and the anionic pyr-
rolide occupy two coordination
sites in an approximately
square planar ligand arrange-
ment at the Pd centers and thus
generate an essentially planar
unit. The second oxazolyl ring,
however, is twisted out of this
plane and binds to the second
metal center, and it is this twist
in the two bridging ligands that
is the key structural element in
the helical overall arrangement
of the compounds. Complexes
3a,b and 4a,b possess molecu-
lar twofold symmetry, the C2


axis being orthogonal to the
Pd ¥¥¥ Pd vector which implies
that the helical arrangement is
associated with only one torsion
angle between the pyrollide
ring and the oxazolinyl unit
bound to the second metal
center. For the complexes 4a
and 4b the twist angles are 37.1�
and 31.4�, respectively. This de-
crease of the torsional angle
upon going from 4a to 4b is
matched by a decrease in the
Pd�Pd distance from 3.975 to
3.463 ä. On the other hand,
complex 5 does not possess
any element of molecular sym-
metry resulting in two intra-
ligand torsion angles. For the M enantiomer in the racemic
crystal these were found to be 47.4� (R,R-iproxp) and 35.4�
(S,S-iproxp), while the Pd�Pd distance was reduced to 3.208 ä.


The principal structural differences between molecular
structures of complexes 3a,b, 4a,b, and 5 are most readily
visualized by comparison of their molecular shapes repre-
sented by the space-filling models depicted in Figure 3. The
most apparent consequence of the two different senses in
which the R,R-iproxp ligands ™wrap around∫ the two Pd
centers in the helical isomers 4a and 4b is the orientation of
the isopropyl substituents in the oxazoline rings vis-a¡ -vis the
groove of the helix. In the P isomer 4a (M isomer 3a) the
isopropyl groups point inside the groove towards the other
helical strand, whereas the M isomer 4b (P isomer 3b)
displays the opposite orientation. In contrast, compound 5,
which contains a heterochiral set of ligands, and of which one
of the two enantiomeric helical forms present in the racemic
crystal is displayed in Figure 3, is distinguished by the
combination of both types of isopropyl orientations: inside
the groove for one of the two ligands and in the opposite


direction for the other ligand enantiomer within the same
helix. In all three types of molecular structures there is
apparently no significant ™interstrand∫ repulsion between the
ligand peripheries (closest contact between the alkyl frag-
ments �3.8 ä). There is thus no apparent energetic prefer-
ence for a particular isomer based on factors related to steric
repulsion. This may explain the statistical distribution of the
isomers under the conditions of chemical equilibrium dis-
cussed below.


Absorption spectra and chiroptical properties of the chiral
helical palladium complexes : The absorption spectra of the
two diastereomeric complexes 3a and 3b, recorded in CHCl3,
are displayed in Figure 4. Whereas the absorption band of the
free ligand 2a is centered around 294 nm and corresponds to
the �*�� transition of the bisoxazolinylpyrrol chromophore,
this absorption band is bathochromically shifted for the two
helical complexes each possessing a broad band with a
maximum intensity at 330 nm.


Figure 3. General overview of the isomers 3a and 4a (which are related to their respective enantiomers 3b and
4b by a virtual vertical mirror plane) as well as the heterochiral complex 5.
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Figure 4. UV/Vis absorption spectra of the diastereomeric complexes 3a
and 3b.


The optical rotations of the free pyrroles 2a,b as well as the
complexes 3a,b and 4a,b have been determined by polar-
imetry and are given in Table 2 in the form of their �D and �D


(molar rotation) values. All compounds are spectroscopically
transparent at 589 nm and therefore no anomalous optical


rotatory dispersion needs to be considered. Since the chiral
elements in the complexes appear to be sufficiently spacially
disconnected to assume their additivity we may apply van�t
Hoff×s empirical ™Principle of Optical Superposition∫ to
separate the components of the molar rotation due to the
ligand on the one hand and originating from the complex
helicality on the other.[19, 20] This has been taken into account
calculating the values of the molar helical rotation HD�
�D(complex)� 2�D(ligand) listed in Table 1 which demon-
strate a striking difference between the two diastereomers
3a,4a and 3b,4b.[21] The HD values of the latter (�4904.0,
�4876.9) are almost two orders of magnitude greater and
inverse (3a,4a : �52.2, �73.3) which indicates a significantly
higher degree of helicality for the diastereomer in which the
isopropyl substituents point away from the helical groove.


The difference between the two diastereomeric helices is
also apparent in the CD spectra recorded of the four
complexes which are shown in Figure 5. They all show a
strong sinoidal CD in the region between 280 nm and 360 nm
which we attribute to the intra ligand �*�� as well as the
MLCT transitions. The P-helical complexes 3b and 4a display
a positive CD at 310 nm, as would be expected from exciton
theory for coupled �*�� transitions in a P helix, and a
weaker negative CD at 350 nm (possibly due to a coupled
MLCTexcitation) while the compounds possessing M-helicity
have the corresponding mirror image CD spectra. Interest-
ingly, complexes 3a and 4a with the inward isopropyl
orientation have an additional weak long wavelength CD
feature between 380 and 420 nm (hidden in the long wave-
length tail of the broad absorption band in the UV/Vis
absorption spectrum discussed above) which is absent in the
spectra of 3b and 4b. The deviation from the ideal sinoÔdal


Table 2. Polarimetric measurements (589-Na source) of the free ligands
and the four diastereomers in CHCl3 solutions (c� 0.15 gcm�3).


[�]20
D [g�1 cm�3dm�1] [�]20


D [cm3dm�1mol�1] [H]20
D [cm3dm�1mol�1]


2a � 42.0 � 121.4 ±
2b � 44.6 � 128.9 ±
3a � 34.3 � 295.0 � 52.2
4a � 38.5 � 331.1 � 73.3
3b � 542.0 � 4661.2 � 4904.0
4b � 537.1 � 4619.1 � 4876.9


Figure 5. CD spectra of 3a(M), 3b(P), 4a(P) and 4b(M) (recorded in CHCl3, concentrated 10�4 molL�1.
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CD in 3a and 4a may be related to the reduced helicality of
this diastereomeric form[22] as reflected in the results of the
polarimetric study.


Dynamics of the interconversion of the diasteromeric palla-
dium helices in solution : The helical dinuclear palladium
complexes described in this paper are configurationally stable
in solution at ambient temperature and no conversion to the
other diastereomer was observed even after several weeks.
However, upon heating a solution to above 70 �C, slow
interconversion to the diastereomer of opposite helicity sets
in. This conversion is decomposition free and may be
conveniently monitored by 1H NMR spectroscopy. A series
of 1H NMR spectra recorded in [D8]toluene at 90 �C,
representing the conversion of 3b to 3a is displayed in
Figure 6 showing the AB spin system of the protons on the
pyrrolide ring. The outer set of doublets (�� 6.61, 6.85 ppm)
is assigned to the starting material 3b, while the AB resonance


system of 3a slowly grows in (��6.68, 6.81 ppm). The
corresponding conversion/time curve is displayed in Figure 6b.


Monitoring the conversion of 3b to 3a at variable concen-
tration of the starting material established a first-order rate
law with respect to the concentration of the complex (Fig-
ure 7) while the analysis of the initial reaction rates in the
temperature range between 70 and 105 �C provided an
estimate of the activation parameters: �H�� 68 kJmol�1,
�S���99 Jmol�1K�1. Prolonged heating at 90 �C led to the
equilibrium distribution between 3a and 3b which was found
to be 50.5:49.5, corresponding to the statistical 1:1 value.
While there is a kinetic preference in the formation of 3b over
3a of about 80:20, as discussed in a previous section, neither of
the two diastereomers appears to be thermodynamically
favored. In other words, the orientation of the isopropyl
groups in the two complexes does not have an enthalpic effect.
This is consistent with the structural data obtained for the
complexes which indicate that there is little inter-ligand
repulsive interaction.


To establish whether the in-
terconversion of the helices is
an intramolecular process or
occurs by means of a dissocia-
tive intermolecular pathway, a
cross-over experiment was car-
ried out. For this purpose a 1:1
mixture of the two enantiomers
3b and 4b was prepared and
heated at 90 �C. If the rear-
rangement were intramolecu-
lar, the only reaction products
to be observed are the diaster-
eomers 3a and 4a, while an
intermolecular exchange in-
volving mononuclear {PdCl-
(iproxp)} complex fragments
would also give the racemic
mixture of the mixed-ligand
complex 5 : (P)-[Pd2Cl2(S,S-
iproxp)(R,R-iproxp)] and (M)-
[Pd2Cl2(S,S-iproxp)(R,R-
iproxp)] (Scheme 3). The latter
was observed upon monitoring
the cross-over experiment by
1H NMR spectroscopy, which
clearly indicated three sets of
resonances attributable to the
three stereoisomeric forms rep-
resenting inequivalent relative
configurations (Figure 8).


Due to the crowded nature of
the spectra, a resolution of the
different signal sets which was
sufficient to study the kinetics
of the formation of 5 was un-
fortunately not feasible. Qual-
itatively, the generation of 5
occurred more slowly than the
helix interconversion 3b,4b �


Figure 6. a) 1H NMR spectra of the H3 and H4 aromatic protons of the pyrrole ring showing the progressive
formation of 3a when starting with pure 3b. Experiment carried out at 363 K in C7D8 solution. b) The conversion/
time curve for the conversion of 3b to 3a.
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Figure 7. Determination of the kinetic reaction order of 3b in the
conversion to 3a : Dependence of the initial reaction rate upon the initial
concentration of 3b.


3a,4a which may be due to a favored recombination of the
two homochiral mononuclear fragments within the solvent cage.


Conclusion


The ™distortion∫ of a tridentate ligand to the extent that
planar tricoordination in d8 palladium complexes is no longer


feasible has led to the aggregation in the form of helical
dimeric compounds. The use of chiral bis(oxazolinyl)pyrrolide
ligands has enabled the separation and isolation of stereo-
chemically uniform helices, representing the relatively rare
case of heterotopic double-stranded unsaturated helicates in
Piguet×s system of classification. By using both enantiomers
of the C2-chiral ligands, the complete set of diastereomers
and enantiomers was accessible and characterized by X-ray
diffraction. We have also synthesized and isolated the
helical dimer containing a heterochiral set of ligands which
contains, as sole active element of chirality, the helical axis,
and was thus isolated as the racemate of both enantiomeric
forms.


All the helical complexes are configurationally stable in
solution at ambient temperature, however, upon going to
elevated temperatures their interconversion could be con-
veniently studied. These studies showed that while there is a
strong kinetic preference for one of the diastereomeric
helices, equilibration leads to 1:1 mixtures, indicating the
absence of significant intramolecular repulsive forces favoring
either of the two alternatives. A cross-over experiment using a
racemate of two diastereomerically-uniform complexes re-
vealed the formation of the heterochiral isomer apart from


Scheme 3. Cross-over experiment for the thermal conversion of the Pd2 helices with a 1:1 mixture of 3b and 4b.


Figure 8. 1H NMR spectrum recorded after the cross-over experiment performed with a 1:1 mixture of 3b and 4b.
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the helix interconversion of the homochiral species. This is
consistent with the dissociation and subsequent re-aggrega-
tion of the dimeric complexes under the reaction conditions of
the thermal rearrangement.


The aspect of configurational stability is an important issue
in the application of these compounds in stereoselective
catalytic transformations which are based on the activity
displayed by the complexes containing the achiral bis(oxazo-
linyl)pyrrol ligand.[9] This is the focus of our current and future
activities.


Experimental Section


Solvents were dried according to the standard procedures and saturated
with nitrogen. Solids were separated from suspensions by centrifugation,
thus avoiding filtration procedures, using a Hettich Rotina48 centrifuge
equipped with a specifically designed Schlenk tube rotor (Hettich
Zentrifugen, Tuttlingen, Germany).[23] Optical rotations were recorded on
a thermostated Perkin Elmer Otopol III using a 1.0 dm cell. The 1H and
13C NMR spectra were recorded on a Bruker AC300 (1H 300 MHz; 13C{1H}
75 MHz), a Bruker AM400 (1H 400 MHz; 13C{1H} 100 MHz), and a Bruker
ARX500 (1H 500 MHz; 13C{1H} 125 MHz) spectrometers. Infrared spectra
were recorded on a Perkin Elmer 1600 FTIR spectrometer. EI Mass spectra
were recorded on a Shimadzu QP5050-GC/MS system. The elemental
analyses were carried out by the Service Commun de Microanalyse de
l�Universite¬ Louis Pasteur Strasbourg. The CD spectra were obtained using
a Jobin-YvonCD6 dichroism spectrometer equipped with a regulated base
cell.


Pyrrole-2,5-biscarboxaldehyde[24] and [PdCl2(1,5-cod)] were prepared ac-
cording to the previously described procedures.[25] All other chemicals used
as starting materials were obtained commercially and used as received
without further purification.


Preparation of pyrrole-2,5-biscarbonitrile (1): To a solution of hydroxyl-
amine hydrochloride (13.9 g , 0.2 mol) in dry acetonitrile (350 mL) were
added successively freshly distilled triethylamine (24.3 mL, 0.2 mol) and
pyrrole-2,5-biscarboxaldehyde (12.3 g, 0.1 mol) at 0 �C. After the mixture
had been stirred for 30 min, phthalic anhydride (29.63 g, 0.2 mol) was
added slowly over a period of 15 min. The mixture was then warmed to
room temperature and refluxed overnight. The solvent was removed under
reduced pressure, and the brown mixture added to cold dichloromethane
and filtered. The filtrates were washed with an aqueous solution of
ammonia (5%), and the combined organic layers were then dried over
MgSO4. After removal of the solvent, the brownish residue was purified by
flash chromatography using ethyl acetate as eluent, and the desired product
was obtained as a yellow solid (7.03 g, 0.06 mol; 60%). 1H NMR (CDCl3,
300 MHz): �� 10.35 (br s, 1H; NHpyrr), 6.90 ppm (d, 2H; H3/4pyrr) ;
{1H}13C NMR (CDCl3, 75 MHz): �� 134.37 (C2/5pyrr), 123.61 (C�N),
119.89 ppm (C3/4pyrr); IR (KBr disk): �� � 2232 (s), 1676 (m), 1514 (m),
1296 (s), 1195 (s), 814 (s), 632 (m), 495 (m)cm�1; MS: m/z : 117 [M]� , 91
[M�CN]� , 65 [M� 2CN]� ; elemental analysis calcd (%) for C6H3N3


(117.11): C 61.54, H 2.58, N 35.88; found C 61.35, H, 2.77 N 35.67.


Preparation of (S,S)-bis[2-(4-diisopropyl-4,5-dihydrooxazolyl)]pyrrole
[™(S,S-iproxpH)∫] (2a) and (R,R)-bis[2-(4-diisopropyl-4,5-dihydrooxazo-
lyl)]pyrrole [™(R,R-iproxpH)∫] (2b): ZnCl2 (582 mg, 8.54 mmol) was
melted in vacuo and then cooled under an atmosphere of nitrogen. A
slurry of pyrrole-2,5-biscarbonitrile (1.00 g, 8.54 mmol) and (R)- or (S)-
valinol (2.465 g, 23.9 mmol) in chlorobenzene (25 mL) was added and the
reaction mixture was subsequently stirred under reflux for 12 h. The
solvent was removed in vacuo and the orange-brown residue chromato-
graphed on silica gel using a 1:1 ethyl acetate/hexane mixture (Rf� 0.35) as
eluent. The chiral ligand precursors (S,S)-bis[2-(4,4�-diisopropyl-4,5-dihy-
drooxazolyl)]pyrrole and (R,R)-bis[2-(4,4�-diisopropyl-4,5-dihydrooxazo-
lyl)]pyrrole were isolated as off-white, microcrystalline solids in an average
yield of 68%. 1H NMR (300 MHz, CDCl3, 295 K): �� 11.40 (br s, 1H;
NHpyrr), 6.73 (s, 2H; H3/4 pyrr), 4.40 (m, 2H; CH2oxa), 4.10 (m, 2H; CH2oxa and
CHoxa), 1.81 (sept, 2H; CHiPr), 1.00 (d, 6H; CH3iPr), 0.92 ppm (d, 6H;
CH3iPr); {1H}13C NMR (75 MHz, CDCl3, 295 K): �� 156.15 (C�Noxa),


122.45 (C2/5pyrr), 111.93 (C3/4pyrr), 72.41 (CHoxa), 70.36 (CH2oxa), 33.02 (CHiPr),
18.82 (CH3oxa), 18.40 ppm (CH3oxa); IR (KBr disk): �� � 2962 (s), 1658 (s),
1500 (w), 1359 (m), 1264 (m), 981 (m) 908 (s), 734 (s) cm�1; MS: m/z : 289
[M]� , 246 [M� iPr]� , 203 [M� 2 iPr]� , 113 [M� iPr�Oxa]� ; elemental
analysis calcd (%) for C16H23N3O2 (289.37): C 66.41, H 8.01, N 14.52; found:
C 65.62, H 8.27, N 14.58; [�]20


D (2a)��42.0; [�]20
D (2b)��44.6.


Preparation of [Pd2{(S,S)-iproxp}Cl2] (3a and 3b) and [Pd2{(R,R)-
iproxp}Cl2] (4a and 4b): A solution of (S,S)-bis[2-(4,4�-diisopropyl-4,5-
dihydrooxazolyl)]pyrrole (2a) (0.155 g, 0.54 mmol) in Et2O (10 mL) was
cooled under a nitrogen atmosphere to �78 �C. A 1.6 � solution of nBuLi
in hexane (0.35 mL) was added and the mixture and stirred at this
temperature for half an hour until a white suspension appeared. A
suspension of [PdCl2(1,5-cod)] (0.167 g, 0.58 mmol) in diethyl ether
(15 mL) was then added with a cannula at �78 �C. After the addition
was completed, the dry ice bath was immediately removed, the reaction
mixture warmed to room temperature and then stirred overnight. The
reaction mixture was then filtered and the solvent removed in vacuo. The
orange residue was subjected to column chromatography (silica gel;
CH2Cl2). Diastereomer 3a appeared first (Rf� 0.53) and was isolated as an
orange solid (53 mg; 11% yield). The second orange band corresponded to
diastereomer 3b (Rf� 0.29) and was also isolated as an orange solid
(231 mg; 48% yield). The analogous procedure was employed in the
synthesis of [Pd2{(R,R)-iproxp}Cl2] (4a and 4b) using (R,R)-bis[2-(4,4�-
diisopropyl-4,5-dihydrooxazolyl)]pyrrole (2b). Workup and the yield of the
isolated complexes were the same.


3a,4a : 1H NMR (500 MHz, C6D6; 295 K): �� 6.68 (d, 2H; H3/4pyrr), 6.60 (d,
2H; H3/4pyrr), 4.49 (m, 6H; CH2oxa), 4.33 (m, 2H; CH2oxa), 4.05 (m, 2H;
CH2oxa), 3.87 (m, 2H; CH2oxa), 2.29 (sept, 2H; CHiPr), 2.27 (sept, 2H; CHiPr),
1.14 (d, 6H; CH3iPr), 1.10 (2 d, 6H; CH3iPr), 0.87 (d, 6H; CH3iPr), 0.81 ppm
(d, 6H; CH3iPr); {1H}13C NMR (100 MHz, C6D6, 295 K): �� 169.16 (C2/5pyrr),
166.98 (C2/5pyrr), 131.65 (O�C�Noxa), 130.89 (O�C�Noxa), 117.31 (C3/4pyrr),
113.00 (C3/4pyrr), 72.13 (CHoxa), 70.85 (CH2oxa), 69.82 (CH2oxa), 65.86 (CHoxa),
30.72 (CHiPr), 29.20 (CHiPr), 20.35 (CH3iPr), 18.37 (CH3iPr), 16.71 (CH3iPr),
14.03 ppm (CH3iPr); IR (KBr disk): �� � 2961 (m), 2959 (m), 1638 (s), 1636
(s), 1529 (s), 1526 (s), 1396 (vs), 1393 (vs), 717 (m), 715 (m)cm�1; elemental
analysis calcd (%) for C32H44Cl2N6O4Pd (860.48): C 44.67, H 5.15, N 9.77;
found: C 44.33, H 5.02, N 9.84; MS (FAB): [M�H]� 861, [M�Cl]� 825,
[M� 2Cl]2� 394; [�]20


D (3a)��34.3; [�]20
D (3b)��542.0.


3b,4b : 1H NMR (500 MHz, C6D6; 295 K): �� 7.08 (d, 2H; H3/4pyrr), 6.90 (d,
2H; H3/4pyrr), 4.27 (m, 2H; CH2oxa), 4.00 (m, 2H; CH2oxa), 3.80 (m, 4H;
CH2oxa), 3.51 (m, 4H; CH2oxa), 2.20 (sept, 2H; CHiPr), 1.52 (sept, 2H; CHiPr),
1.50 (d, 6H; CH3iPr), 0.62 (2 d, 12H; CH3iPr), 0.38 ppm (d, 6H; CH3iPr);
{1H}13C NMR (100 MHz, C6D6; 295 K): �� 169.12 (C2/5pyrr), 168.96 (C2/5pyrr),
134.18 (O�C�Noxa), 132.47 (O�C�Noxa), 117.94(C3/4pyrr), 113.02 (C3/4pyrr),
74.43 (CHoxa), 72.46 (CH2oxa), 72.09 (CH2oxa), 65.43 (CHoxa), 32.91 (CHiPr),
30.69 (CHiPr), 22.18 (CH3iPr), 18.95 (CH3iPr), 18.76 (CH3iPr), 18.08 ppm
(CH3iPr); IR (KBr disk): �� � 2961 (m), 2959 (m), 1634 (s), 1631 (s), 1531 (s),
1530 (s), 1400 (vs), 1395 (vs), 733 (m), 731 (m)cm�1; MS (FAB): [M�H]�


861, [M�Cl]� 825, [M� 2Cl]2� 394; [�]20
D (4a)��38.5; [�]20


D (4b)�
�537.1.


5 : 1H NMR (300 MHz, CDCl3; 295 K): �� 6.69 (d, 1H; H3/4 pyrr), 6.67 (d,
1H; H3/4pyrr), 6.63 (d, 1H; H3/4pyrr), 6.61 (d, 1H; H3/4pyrr), 4.66 ± 4.30 (m, 8H;
CH2oxa), 4.09 ± 3.83 (m, 4H; CH2oxa), 3.49 (sept, 1H; CHiPr), 2.81 (sept, 1H;
CHiPr), 2.53 (sept, 1H; CHiPr), 2.02 (sept, 1H; CHiPr), 1.32 (d, 3H; CH3iPr),
1.21 (2d, 3H; CH3iPr), 1.01 (d, 3H; CH3iPr) 0.86 ± 0.77 ppm (m, 15H; CH3iPr);
{1H}13C NMR (75 MHz, CDCl3, 295 K): �� 168.40 (C2/5pyrr), 168.30 (C2/5pyrr),
168.88 (C2/5pyrr), 168.22 (C2/5pyrr), 133.29 (O�C�Noxa), 132.49 (O�C�Noxa),
132.17 (O�C�Noxa), 131.95 (O�C�Noxa), 117.43 (C3/4pyrr), 115.89 (C3/4pyrr),
112.72 (C3/4pyrr), 112.50 (C3/4pyrr), 72.43 (CH2oxa), 72.24 (CH2oxa), 71.27
(CH2oxa), 71.13 (CH2oxa), 66.39 (CHoxa), 65.16 (CHoxa), 64.61 (CHoxa), 64.58
(CHoxa), 32.55 (CHiPr), 32.19 (CHiPr), 30.57 (CHiPr), 30.46 (CHiPr), 22.11
(CH3iPr), 21.81 (CH3iPr), 19.66 (CH3iPr), 19.26 (CH3iPr), 18.83 (CH3iPr), 18.10
(CH3iPr), 17.44 (CH3iPr), 15.29 (CH3iPr); MS (FAB): [M�H]� 861, [M�Cl]�


825, [M� 2Cl]2� 394.


Kinetic study of the interconversion of 3a,4a and 3b,4b : A predetermined
amount of complex 3b was dissolved in [D8]toluene (420 �L) and then
transferred to an NMR tube. The kinetic experiments were performed on a
Bruker AC300 NMR spectrometer pre-heated to the desired temperature.
The reaction order was determined by varying the complex concentrations
between 1.38� 10�2 molL�1 and 3.87 molL�1, while the activation param-
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eters were derived from a series of experiment using 1.38� 10�2 molL�1


solutions of 3b. For the latter, the reaction temperature was varied between
70 and 105 �C. The relative amount of the different diastereomers were
determined by NMR integration with the pyrrole ring signals serving as a
probe.[26]


X-ray crystallographic study of 3a, 3b, 4a, 4b and 5 : Suitable crystals of the
complexes 3a, 3b, 4a, 4b and 5 were obtained by layering concentrated
solutions of the compounds in dichloromethane with hexane and allowing
slow diffusion at room temperature. The crystal data were collected on a
Nonius Kappa CCD diffractometer at �100 �C and transfered to a DEC
Alpha workstation; for all subsequent calculations the Nonius OpenMoleN
package was used.[27] The structures were solved using direct methods with
absorption corrections being part of the scaling procedure of the data
reductions. After refinement of the heavy atoms, difference Fourier maps
revealed the maxima of residual electron density close to the positions
expected for the hydrogen atoms; they were introduced as fixed contrib-
utors in the structure-factor calculations with fixed coordinates (C�H:
0.95 ä) and isotropic temperature factors (B(H)� 1.3Beqv(C) ä2) but not
refined. Full least-square refinements on F 2 were carried out. A final
difference map revealed no significant maxima of electron density. The
scattering-factor coefficients and the anomalous dispersion coefficients
were take from reference [28]. Crystal data and experimental details for the
crystals of 3a, 3b, 4a, 4b and 5 are given in Table 3.


CCDC-183845 ± CCDC-183849 the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
can.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Center, 12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)1223-
336033; or deposit@ccdc.cam.ac.uk).
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