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Introduction


As ªjapanº means ªa lacquer or varnish giving a hard, glossy
finishº and/or ªobjects decorated and lacquered in the
Japanese styleº,[1] urushi wares are regarded as one of the
most typical symbols of Japanese art. Oriental lacquer
(urushi) from Japan and China is a natural resinous sap of
the Rhus vernicifera tree (Figure 1).[2] The use of urushi as a
protective and later decorative coating originated in China,
most likely prior to the fifth century B.C. In the 6th century,
urushi spread to Japan with Buddhism. Urushi coating is hard
enough to give a brilliant polish, is highly durable (it will last
for more than a thousand years under the right conditions),
and solvent resistant in comparison with synthetic coatings.
The Japanese have fully developed the techniques of utilizing


Figure 1. Harvesting sap from an urushi tree.


urushi for living wares as well as decorative arts over many
years. Outstanding art examples in Japan are found on small
boxes (Figure 2).


Figure 2. Japanese national treasure: urushi-ware box made by Kohrin
Ogata in the 17th century.


Majima�s pioneering work in the early days of 20th century
revealed that main important components of urushi are
ªurushiolsº, whose structure is that of a catechol derivative
with unsaturated hydrocarbon chains consisting of a mixture
of monoenes, dienes, and trienes at the 3 or 4 position of the
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catechol.[3] The average number of olefinic groups in the side
chain is 2.0 ± 2.5. Typical urushiols are shown in Scheme 1. The
composition of the raw urushi sap in Japan and China is
typically about 65 % urushiol, 8 % plant gum, 2 % glycopro-
tein, less than 1 % laccase, and 25 % water.[1]


OH


OH


C15


R


R : 


(R at 3 or 4 position of catechol)


Scheme 1. Structure of typical urushiols.


Within these components, the plant gum is a mixture of
highly branched, water-soluble polysaccharides with molec-
ular weights of 8.4� 104 and 2.8� 104 Da. The main sugar
units are l-rhamnose, l-arabinose, 4-O-methyl-d-glucuronic
acid, and d-galactose. The gum exists in a salt form with a
counter cation of Ca2�, Mg2�, or Na�. The glycoprotein is
water-insoluble and its structure is not clearly known. Laccase
is present in very small quantities; however, it is vitally
important for the curing process. Laccase is a copper
glycoprotein and contains four copper atoms with molecular
weight of 1.2� 105 Da.


Cross-linking of the urushiol is supposed to be accom-
plished mainly by a laccase-catalyzed oxidative coupling of
the phenol moiety of the urushiol and a subsequent autox-
idation of unsaturated alkyl chains in air.[1] At first, laccase
catalyzes the oxidation of the catechol unit of the urushiol to
give the semiquinone radical (see Scheme 3 below), which is
subjected to the reaction by a number of competing pathways,
yielding a mixture of dimers and oligomers with complicated
structures. Model studies with 3-pentadecylcatechol show that
the semiquinone radical intermediate disproportionates to the
corresponding o-benzoquinone species.


Urushi can be regarded as the only example of a practical
natural paint that utilizes in vitro enzymatic catalysis for
hardening. Urushi can be cured in air at room temperature
without organic solvents, and hence, urushi seems a very
desirable coating system from an environmental standpoint.
However, modeling studies of urushi were limited to only one
paper[4] before our new approach of ªartificial urushiº. This is
mainly due to the difficulty in preparation of the urushiol.


Enzymatic Polymerization


Enzyme-catalyzed polymerization (ªenzymatic polymeriza-
tionº) has been of increasing importance as a new trend in
macromolecular science.[5] Enzyme catalysis has provided
new synthetic strategies for useful polymers, most of which are
difficult to produce by conventional chemical catalysts. In


vitro enzymatic syntheses of polymers by nonbiosynthetic
(nonmetabolic) pathways are therefore recognized as a new
area of precision polymer synthesis. Enzymatic polymeriza-
tion also affords a great opportunity for using nonpetrochem-
ical, renewable resources as starting substrates for functional
polymeric materials; this would contribute a lot to global
sustainability without the depletion of scarce resources. In
enzymatic polymerizations, the product polymers can be
obtained under mild reaction conditions (normally at an
ambient temperature, under ordinary pressure, at neutral pH,
and in water) without using toxic reagents. Thus, enzymatic
polymerization has great potential as an environmentally
friendly synthetic process for polymeric materials and pro-
vides a good way to achieve ªgreen polymer chemistryº.[6]


The main target macromolecules for enzymatic polymer-
ization have been polysaccharides, polyesters, and polyaro-
matics.[5] The former two classes of polymers are synthesized
by using hydrolases as catalyst. A hydrolase is an enzyme that
catalyzes the hydrolysis of polysaccharides or fats (triglycer-
ides). However, the enzyme has been found to also act as
catalyst of the reverse reaction, by appropriate design of a
substrate monomer and selecting the reaction conditions,
leading to polymer production. As for the polyaromatics, the
enzymatic synthesis of polyanilines and polyphenols has been
reported.


Phenol-formaldehyde resins from prepolymers such as
novolaks and resols are widely used in industrial fields. These
resins have excellent toughness and temperature-resistant
properties. However, the toxic nature of formaldehyde causes
problems in their manufacture and use. Therefore, an alter-
native process for the preparation of phenol polymers without
using formaldehyde has been strongly desired.


For the last decades, a new class of polyphenols has been
synthesized by using oxidoreductase as catalyst.[5, 7] Some
advantages for the enzymatic synthesis of polyphenols are as
follows: i) the oxidative polymerization of phenols proceeds
under mild reaction conditions without the use of toxic
reagents (environmentally benign process); ii) enzymes cata-
lyze the polymerization of a variety of phenol monomers;
iii) the structure and solubility of the polymer can be
controlled by changing the reaction conditions; iv) the
procedures of the polymerization as well as the polymer
isolation are very convenient. We found that the peroxidase-
catalyzed polymerization of phenol in aqueous methanol
produced a soluble polymer with a controlled structure.[8]


Furthermore, the enzyme catalysis enabled the production
of various functional and high-performance polymers.[7]


We have enzymatically synthesized artificial urushi, new
cross-linked polymeric films, on the basis of the design of new
urushiol analogues (phenols that have an unsaturated group
in the side chain).[9±12] This new concept has expanded the
scope of the enzyme catalysis to the environmentally benign
production of functional coating materials. The present article
gives an overview of our new synthetic methodology of
artificial urushi. In a strict sense, ªartificial urushiº may be
defined as the cross-linked film prepared by in vitro laccase-
catalyzed oxidation of urushiol (or urushiol analogue) mono-
mers. Here, we use ªartificial urushiº in a broader sense;
normally, it denotes the cured polymer film derived from
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urushiol analogues, which are phenol- or catechol-type
monomers that have unsaturated reactive groups, in which
the curing obeys a similar oxidation process to the natural
system.


Laccase-Catalyzed Curing of Urushiol Analogues


The reason why the synthesis of natural urushiols involves
multistep, tedious procedures is that the reactive unsaturated
group can not be directly introduced into the catechol moiety;
protection and deprotection of the catechol moiety is
required.[13] Thus, we designed new urushiol analogues (5 ± 7),
in which the unsaturated group is connected with the phenolic
group through an ester linkage.[9, 12] The analogues were
synthesized by a lipase-catalyzed esterification of phenols
having a primary alcohol (1 ± 3) with unsaturated fatty acids
having different numbers of double bonds (4) (Scheme 2).
The primary aliphatic hydroxy group in 1 ± 3 was regioselec-
tively acylated by Pseudomonas cepacia lipase to produce oily
urushiol analogues. In our new approach, the analogues were
obtained in one or two steps by facile procedures from
commercially available reagents. Furthermore, it is to be
noted that the urushiol analogues showed no dermatitis-
causing activity.
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Scheme 2. Production of artificial urushi.


The curing was performed by using laccase, derived from
Pycnoporus coccineus, as catalyst in the presence of acetone
powder (AP, an acetone-insoluble part of the urushi sap
containing mainly polysaccharides and glycoproteins) in air
with 80 % humidity at 30 8C for 24 h. AP, a third component of
the sap in addition to an urushiol and laccase, acts as
emulsifier of oily urushiol and aqueous laccase solution. The
sample film was prepared on a glass slide with an applicator
for 50 mm thickness. The film formation was observed for four
urushiol analogues 6 b, 6 c, 7 b, and 7 c ; however, the other
urushiol analogues (5 a, 5 b, 5 c, 6 a, and 7 a) were not cured.
The cross-linking did not occur in the curing without laccase
(control experiment). These data indicate that the curing took
place through enzymatic catalysis and that a catechol or
2-methoxyphenol moiety having two or three unsaturated


groups in the side chain was required for the hardening. The
cross-linking rate of 6 was greater than that of 7.


The curing of 6 b and 6 c was monitored by using a dynamic
microhardness tester. At the initial stage of the curing of 6 c,
the curing proceeded very slowly (Figure 3). After two weeks,
the hardness value suddenly increased. Later, the value


Figure 3. Time course in hardening of artificial urushi films from 6 b and 6 c
as measured by using a Fischer microhardness tester.


gradually increased to reach about 150 N mmÿ2 after five
weeks. The pencil-scratch hardness of the sample after 15 days
was H, which is hard enough for practical uses. The gloss value
of the film surface was more than 100. The hardness and gloss
values of the present cured film are comparable to those of
natural urushi coating; the curing of the urushiol analogues
produced a brilliant film with the high gloss surface. On the
other hand, the resulting film from 6 b showed low hardnessÐ
less than 5 N mmÿ2 after six weeks (Figure 3).


It was reported that starch urea phosphate (SP), a synthetic
material, was available as an AP substitute for in vitro
enzymatic curing of urushiols.[14] For 6 c, curing took place in
the presence of SP; however, the film hardness was much less
than that obtained in the presence of AP. The use of SP as the
third component allowed the artificial urushi to be provided
from exclusively synthetic compounds.


The curing was monitored by FT-IR, which showed that the
cross-linking mechanism is similar to that of natural urushiols;
the curing of 6 proceeds by the oxidative coupling of the
phenol moiety of 6 and the subsequent autoxidation of the
unsaturated group in the side chain (Scheme 3).


The storage modulus (E') and dissipation factor (tand) of
the cured films from 6 c, as a function of temperature, are
shown in Figure 4. In the case of the sample obtained in the
presence of AP after drying for 5 months, the glass transition
temperature was observed at 102 8C (Figure 4a). The increase
of E' in the high-temperature region indicates that unreacted
unsaturated C�C double bonds remained in the sample
measured. The smooth trace of tan d indicates the homoge-
neous structure of the cured film; this suggests good
miscibility between the urushiol analogue and AP. The
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Scheme 3. Postulated curing mechanism of urushiol analogues 6.


Figure 4. Dynamic viscoelasticity of a) artificial urushi obtained from 6c in
the presence of AP and b) natural urushi.


dynamic elastic behavior of the artificial urushi was very
similar to that of natural urushi (Figure 4b).[15]


Preparation of Cross-Linkable Polyphenols from
Urushiol Analogues


As described above, the laccase-catalyzed curing of urushiol
analogue 5 did not occur. Therefore, we examined the
preparation of another artificial urushi by an oxidative
polymerization of 5 with iron-N,N'-ethylenebis(salicylidene-
amine) (Fe-salen) as catalyst, followed by curing of cross-
linkable polyphenols (8) (Scheme 4).[10, 12]


Scheme 4. Synthesis and curing of cross-linkable polyphenols.


Fe-salen can be regarded as a model complex for perox-
idase. We showed high catalytic activity of Fe-salen for the
oxidative polymerization of phenols.[16] Fe-salen catalyzed an
oxidative polymerization of para-tert-butylphenol and bis-
phenol-A, which yielded soluble polyphenols. 2,6-Dimethyl-
and 2,6-difluorophenols were polymerized by Fe-salen to give
poly(phenylene oxide) derivatives. The latter polymer showed
crystallinity with a melting point higher than 250 8C.


The polymerization of 5 catalyzed by Fe-salen was per-
formed with hydrogen peroxide as oxidizing agent in tetrahy-
drofuran at room temperature under air and yielded an oily
polymeric precipitate. From 1H NMR analysis of 8, it was
found that the unsaturated moiety did not react during the
polymerization. The curing of the product polymer was
examined by two methods: oxidation catalyzed by cobalt
naphthenate (3 wt % for 8) in air and thermal treatment
(150 8C for 2 h). The sample film prepared on a glass slide
stood at 25 8C and 70 % humidity. Polymers having two or
three unsaturated groups in the side chain (8 b and 8 c) were
cured by both methods, and the resulting film obtained by
thermal treatment was extremely hard. The formation of the
cured film from 8 a, however, was not observed.


Preparation of Cross-Linked Polymeric Film from
Cardanol


Cardanol (9), a main component obtained by thermal treat-
ment of cashew-nut-shell liquid (CNSL), is a phenol deriva-
tive having as meta substituent a C15 unsaturated hydro-
carbon chain, mainly with 1 ± 3 double bonds. Since CNSL is
nearly the one third of the total nut weight, a large amount of
CNSL is formed as a by-product from the mechanical
processing of cashew nuts for food use. Only a small part of
9 obtained during the production of cashew kernels is used in
the industrial field, although it has potential industrial
utilizations in various ways such as resins, friction lining
materials, and surface coatings.[17] Therefore, new uses for 9
are very attractive.


Phenolic resins from 9 and formaldehyde are industrially
produced as prepolymers of coating materials with a high
gloss surface mainly for indoor use.[17] However, there is a lot
of concern about the toxic nature of formaldehyde in the
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manufacture and use of these resins. We have examined the
synthesis and curing of polymer 10 obtained by oxidative
polymerization of 9 with peroxidase or its model complex as
catalyst (Scheme 5).[11, 12] This curing reaction is regarded as a
new formaldehyde-free coating system for 9.


Scheme 5. Synthesis and curing of poly(cardanol).


Fe-salen catalyzed the polymerization of 9 in organic
solvents. The polymerization proceeded in 1,4-dioxane to
give soluble polymer 10 with a molecular weight of several
thousand daltons in good yields; the addition of pyridine
improved the polymer yield and molecular weight. NMR and
FT-IR analyses of the polymer indicate no reaction of the
unsaturated group during the polymerization. Soybean per-
oxidase also induced polymerization in an aqueous isopropa-
nol; however, the yield was much lower than with the Fe-salen
catalyst.


The curing of 10 was examined by a similar method to that
of 8 : catalysis of cobalt naphthenate (3 wt% for 10) and
thermal treatment (150 8C for 30 min). In the curing of the
sample obtained by Fe-salen catalysis, yellowish transparent
films (also artificial urushi) were obtained within 1 h by both
methods. On the other hand, such a quick hardening was not
observed for monomer 9. These data indicate that 10 was a
good cross-linkable prepolymer. The resulting cross-linked
film exhibited good elastic properties comparable to carda-
nol-formaldehyde coating materials (Figure 5). From FT-IR


Figure 5. Dynamic viscoelasticity of a cross-linked film of poly(cardanol).


monitoring of the curing of 10, it was found that the
cross-linking mechanism is similar to that of the oil autox-
idation.


Conclusion


In this article, our new synthetic methodology for polymeric
coating materials is described. New urushiol analogues,
catechol derivatives having two or three unsaturated groups
in the higher alkyl side chain, were cross-linked by laccase
catalysis under mild reaction conditions without the use of
organic solvents; this led to the production of ªartificial
urushiº with a high gloss surface and good elastic properties.
Other urushiol analogues and cardanol were oxidatively
polymerized by enzyme-related catalysts; this yielded new
soluble cross-linkable prepolymers. The curing of these two
kinds of polyphenols afforded cross-linked films with good
hardness. In all three cases, artificial urushi was obtained from
cheap plant-based oils, one of the most important renewable
resources, without the use of toxic formaldehyde. The curing
proceeded in the absence of organic solvents at an ambient
temperature in air. Therefore, the present method is expected
to have large potential for a future environmentally-benign
process of polymer coating.
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J. Maier


In the same way as the concentration of
protonic charge carriers characterizes the
acidity (basicity) of water and in the same
way as the electronic charge carriers charac-
terize the redox activity, the concentration of
elementary ionic charge carriers, that is, of
point defects, measure the acidity (basicity) of
ionic solids, while associates constitute inter-
nal acids and bases.


The definition of acidity/basicity from the
(electro-)chemical potential of the exchange-
able ion, and, hence, of the defects, leads to
a generalized and thermodynamically firm
acid ± base concept that also allows to link
acid ± base scales of different solids.







Introduction


The terms acidity and basicity are useful working tools in
chemistry as are the terms redox potentials or redox activity,
but they are often puzzling too. This is particularly true if the
concepts are applied to solids, since in contrast to aqueous
solutions, for instance, no reference is made with respect to
specific centers representing these properties as a result of
their sheer number. Another reasonÐwhich is not entirely
independent of thisÐis to be found in the non-thermody-
namic approach that is often taken when introducing such
terms. The present paper deals primarily with solids and aims
to meet different goals:
1) It is stated that the acidity and basicity of ionic crystals is


reflected in the concentrations of the point defects in the


same way as the acidity (or basicity) level of water is
reflected by the concentrations of H� and OHÿ. Thus the
actual elementary acidic and basic centers are species such
as vacancies and interstitial ions.[1] Associates (i.e. , com-
plex defects) of the point defects play the role of internal
acids and bases exchanging these elementary centers.
Notwithstanding the fact that the acidity/basicity is mir-
rored in the concentrations of the point defects, this
acidity/basicity isÐas a consequence of thermodynamic
equilibriumÐa property of the overall material, deter-
mined by the (electro-)chemical potentials of the ions and,
thus, in spatial equilibrium, also reflecting the surface
acidity/basicity.[2] All this is treated on a thermodynamic
level free of ad-hoc assumptions.


2) The ªenergy-levelº language used in semiconductor phys-
ics for the electrons is, appropriately generalized, intro-
duced as a useful means to illustrate the acidity and basicity
functions in solids or liquids, and to determine the quantities
pKa, pKb, pH, pOH, and their solid state analogues.


3) Since the ªenergy levelsº and, thus, the acidity scales depend
on the solvent, that is, on the perfect solid under consid-
eration, a method for comparing and converting these scales
is desirable. It is shown that this is possible by measuring the
contact effects of different solids, for example, through
measurements of ionic boundary conductivity.


4) Finally, the thermodynamic analysis shows that it is most
straightforward for ionic crystals to restrict acid ± base
properties to purely ionic exchange reactions, not neces-
sarily of the protons, that is, to Brùnsted-like acid ± base
effects. Thus, in the terminology of references [3, 4] we
refer to ionotropic reactions as counterpart to the redox
reactions in which only electronic carriers are exchanged.
In those cases in which the reaction with a certain species
gives rise to both ion and electron exchange, it proves to be
most straightforward to useÐfor the purely heteropolar
systemsÐterms such as redox acids or redox bases
(consider, for example, the interaction of hydrogen with
a solid generating both H� and eÿ) to characterize this
double function, rather than to extend and generalize the
terms acids and bases to species taking part in the
electronic transfer process as most explicitly done by
Ussanowitsch.[5] Modifications or extensions which are
helpful in non-ionic systems (cf. Lewis concept[6, 7]) need
not be taken into account, and would, moreover, unneces-
sarily obscure the situation.
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Abstract: For the case of ionic crystals it is shown to be
most straightforward and consistent to define acidity/
basicity by the (electro-)chemical potential of the re-
spective ion, in a similar fashion to the way that the Fermi
level (i.e., electrochemical potential of the electron)
characterizes the redox state. The isomorphy is explicitly
expressed by using the energy-level diagrams introduced
for electrons in semiconductor physics. Without having to
make further assumptions it is possible 1) to compare
acidity/basicity between different solids, 2) to link internal
and surface acidity/basicity, and 3) to establish acidity/
basicity scales for ionic solids. The point defects are
revealed to be the natural acidic and basic elementary
centers, and associates between them to be the internal
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though acidity/basicity is an overall property of the solid,
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Much of the confusion concerning acid ± base concepts is
due to a lack of precise definition. Here we define thermo-
dynamically the acidity/basicity in terms of the (electro-)
chemical potential of the respective cation (e.g., proton) or
anion. Explicit use of the O2ÿ activity (and thus of the
chemical potential of O2ÿ) for the definition of basicity has
been made in reference [8], and very recently by Yamaguchi
et al.[9] This latter paper is partly based on a critical
examination of the basicity of slags by C. Wagner.[10]


Acidic and Basic Centers in Water Viewed as Point
Defects


Let us start with some conceptual remarks. The increase of the
Gibbs energy at constant pressure and temperature when
adding a species j is called its chemical potential mj . If electric
fields are involved, the total quantity, usually named electro-
chemical potential, contains an electrical potential term in
addition. This term and also the fact that it is not simply
possible to add a charged particle to a system leaving the rest
unchanged, leads to nontrivial questions which we can leave
aside if we consider the bulk and dilute particles. Then, in
addition, interactions between charge carriers and the re-
stricted number of available sites can be neglected leading to a
chemical potential m of the charged species j of the form given
in Equation (1):[11]


mj � mo
j �RT ln(cj/co) (1)


in which mo
j is the standard potential, cj is the concentration,


and co is the standard concentration. This equation simply
follows from the fact that in such cases the only concentration
dependency stems from configurational effects reflected for
the random situation by the term on the right-hand side.
Different concentration measures and energetic multiplicities
result in constant factors which we can include in m8.
Equation (1) applies to ideal gases, dilute particles in liquid
solutions, or dilute point defects in ionic solids. It by no means
applies to the regular ions of ionic crystals. Let us first
consider aqueous solutions. Since pH and related quantities
traditionally refer to the decadic logarithm,[12] it will be
rational to define the quantity mÅ � m/(RT ln10), for which then
Equation (2) applies:


mÅ j � mÅ o
j � lg(cj/co


j) (2)


in which co is the standard concentration in the same
dimension as cj , and in the pH scales normally used in water
taken as 1 mol Lÿ1. Even though other units or even other
measures (number of particles per number of available sites)
are more straightforward for solids, we willÐfor the purpose
of comparisonÐadopt this definition also there. If we identify
j with H� we can then write Equation (3)


mÅH�� mÅ o
H� ÿ pH (3)


Note again that for simplicity�s sake we restrict to dilute
solution.[13] Similarly we can write Equation (4)


mÅOHÿ� mÅ o
OHÿ ÿ pOH (4)


meaning that both pH and pOH scale linearly with the
respective ionic chemical potentials. [In nondilute cases
Eqs. (3) and (4) are useful as definitions.] Using the equili-
brium condition for H��OHÿ>H2O, as well as identity
transformations[14, 15] we get Equation (5) (see also Scheme 1).


mÅH� �mÅH2OÿmÅOHÿ � ÿ (mÅOHÿ ÿmÅH2O)�ÿmÅ jH j ÿ � ÿ (mÅOHÿ ÿmÅ o
H2 O
� (5)


Scheme 1. Successive subtraction of H2O leads to a minimal formulation
of the autoprotolysis reaction in the form of a defect reaction [isomorphic
to defect reactions in solids, e.g. Eq. (8) below]. jH j ÿ is the proton vacancy:
OHÿ minus H2O.


Equation (5) reflects the trivial result that pH and pOH add
up to the constant pKw [Eq. (6)].


pOH�pH � pKw � p jH j� pH (6)


(Kw is the autoprotolysis constant of H2O with pKw� mÅ o
H� �


mÅ o
OHÿ ÿ mÅ o


H2 O
; the linear combination of the mÅos corresponds to a


normalized standard affinity, DwGo.) For the thermodynamic
treatment, and in view of the point defects to be considered, it
proves much simpler to refer, rather than to OHÿ, to the
elementary defect ªproton vacancyº, which we denote by the
negative particle jH j ÿ, and which we obtain by subtracting a
further water molecule H2O from OHÿ according to
jH j ÿ�OHÿÿH2O[16] (see also Scheme 1). The autoprotol-
ysis reaction then takes the simple form given in Equation (7).


Null>H��jH j ÿ (7)


Note that jH j ÿ is not a negatively charged hydrogen but a
(negatively charged) negative particle (as the electron hole in
semiconductors is a positively charged, negative electronic
particle). Please note also that mÅ jHjÿ � mÅOHÿ ÿ mÅH2O�ÿmÅH�


[Eqs. (5) and (7)] and pOH� p jH j ÿ, while mÅ o
jHjÿ � mÅ o


OHÿ ÿ
mÅ o


H2 O
=ÿ mÅ o


H� .[17]


Point Defects Viewed as Acidic and Basic Centers in
Solids


Let us now turn to solids and first consider the redox centers.
The elementary intrinsic electronic carriers in solids are
excess electrons (e') or holes, designated as j e j . , or more
usually as h . . The Fermi level, mÅ eÿ which we may also call
ªelectronicityº level or redox level can in equilibrium also be
written as (mÅ eÿ � )mÅe'�ÿmÅh


. .[18, 19] (Note that old-fashioned
charge notations are used to denote the effective charge which
was not necessary for the neutral H2O as solute.) We
recognize the far-reaching isomorphy by replacing H� by e'
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and OHÿ, or more precisely jH j ÿ, by je j . , that is, h . . The
internal fundamental redox reaction is given by Equation (8).


Null> e'� h
.


(8)


Similarly as the electronic processes are visualized by the
fundamental ªenergy levelsº, which are in fact standard
(electro)chemical potentials,[20] we can also construct the
analogous protonic levels given by the standard acidity/
basicity levels mÅ o


H� and ÿmÅ o
jHjÿ . Like the redox level (ªelectro-


nicityº) or Fermi level, we can term mÅH� the acidity level
(ªprotonicityº) or the Brùnsted level. We recognize that the
differences of mÅH� to the ªenergy levelsº give pH and pOH,
just as the distances of the Fermi level mÅeÿ to the band edges
(i.e., mÅ o


e' and ÿmÅ o
h.� reflectÐon a logarithmic scaleÐthe


electronic concentrations [see Eqs. (2) and (5)].
What are the corresponding acidic and basic centers in a


solid? If the solid is covalent, such as ice, the picture is
completely transformable. In ionic solids, owing to the more
strictly defined levels, the situation is even better defined. As
in the liquid state, excess and lacking protons, H�, together
with dissolved impurities (solutes) form the defects in the
solid and represent the acidic and basic centers.[21]


What happens in an ionic crystal? Even though not a
realistic example, let us now take a solid HX and artificially
assume it were completely ionic (H�Xÿ). Then mÅH�ÿ mÅ o


H�


would be strongly different from ÿ lg cH� , since the activity of
H� is by no means identifiable with the concentration. But
also here there would be ªchemical excitationsº (i.e., point
defects), which are only present in a dilute state but in a 1:1
correspondence reflecting the acidity. Again we might meas-
ure acidity by counting particles. Some of the protons would
be excited into interstitial positions forming H.,[22] and would
leave behind vacancies jH j '. (Now we need to use dots and
dashes to distinguish the particles from regular H�.[17]) Owing
to the equivalence of the chemical potential of H� as a
constituent and of the defect H . , their concentrations express
the acidity of the crystal [Eq. (9)].


mÅH�� mÅH
.�ÿmÅ jHj' (9a)


mÅ o
H


.ÿ mÅH
.� pH . (9b)


mÅ ojHj'ÿ mÅ jHj'� p jH j ' (9c)


(It is now advisable to use the charge symbols also in the pX
symbol to avoid confusion with ÿ lg[H�] or even ÿ lg[H].)


Let us consider realistic examples of ionic crystals such as
AgCl. The internal disorder reaction is the Frenkel reaction,
which reads in Schottky nomenclature [Eq. (10)] as


Null>Ag .�jAg j ' (10)


(describing the internal disorder of regular silver ions into
interstitial sites forming interstitial Ag . and the vacancy defect
jAg j '; dash and dot indicate the relative charge, i.e. charges
referred to the regular situation.) Frenkel[23] even speaks of a
ªdissociationº reaction of the crystal. The term ªsuperionic
dissociationº is more appropriate.[24]


The fact that we have silver ions instead of protons does not
change the picture conceptually. Thus we adopt the ionotropic
generalization of the Brùnsted theory. Evidently Ag� inter-
stitials are the acidic particles, while Ag� vacancies are the


basic particles. Their concentrations will, unlike the overall
ion concentration, reflect the acidity/basicity [Eq. (11)].


mÅAg� �mÅAg
.�ÿmÅ jAgj' (11a)


mÅ o
Ag


.ÿmÅAg
.� pAg . (11b)


mÅ ojAgj'ÿmÅ jAgj'�p jAg j ' (11c)


All this is summarized by Figure 1, where we compare the
situations with H2O (l).


Figure 1. Isomorphy of proton excitation in water, silver ion excitation in
AgCl, and electron excitation in Si in the level language, usually used in
semiconductor physics (see text). The levels correspond to normalized
standard (electro-)chemical potentials [more precisely (electro-)chemical
potentials minus configurational contribution]. (Note that the levels are
naturally less sharp in a fluid.) The description in terms of a chemical
reaction is given in the bottom part. The first-row chemical equations are
written in detailed structure element notation. (The number of AgCl units
chosen for the Frenkel reaction is arbitrary: A more precise formulation
would consider the fact that the vacant sites are of octahedral coordination,
while the interstitial sites are the tetrahedral interstices. In the right-hand
column the electronic excitation is, in addition to Si, also formulated for
AgCl to illustrate that of course both red-ox and acid-base (center column)
effects occur in one and the same material.) The center row gives the
minimal structure element notation for ionic disorder[38] which is reduced to
the relevant atomic centers and, if necessary, uses relative charges. The
bottom line uses the building element notation (relative with respect to
matter and charge), which is a complete relative notation[20] referring to the
difference of real and perfect state (for ionic and electronic disorder).


Internal Acid ± Base Equilibria in Solids


Let us push the isomorphy between ions and electrons even
further (Figure 2) and consider redox levels in a solid, say a
donor D (e.g., P substituting for Si as shown in Figure 2 right).
These centers correspond to associates between ionic and
electronic particles and can ionize as shown in Equation (12)


D>D.� e' , DÿD.> e' , eÿ(D)> e' (12)


in which e' is the conduction electron and eÿ(D)�DÿD. the
ionizable electron on D. In Equation (12) the chemical
potential of the electron at the donor (mÅDÿD


.� mÅ eÿ(D)) equals
the Fermi level (mÅ e'� mÅeÿ) in equilibrium. The distance of the
level to the band edge is given by Equation (13)


mÅ o
e'ÿmÅ o


eÿ�D� �mÅ o
e'ÿ (mÅ o


Dÿ mÅ o
D.��ÿ lg KD� pKD� pKox (13)


(Note that mÅ o
D


.� mÅ o
e'ÿ mÅ o


D�ÿ lg KD�DDGo.) In the case of
flat donors, that is, small distances, KD is huge and complete
dissociation occurs. Analogous remarks hold for acceptors
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Figure 2. Normalized standard chemical potentials of protons in water,
silver ions in crystalline AgCl, and electrons in crystalline Si. The difference
between the fundamental levels corresponds to the respective fundamental
disorder reaction (autoprotolysis, Frenkel reaction, band ± band transfer),
while the distance of the levels in the gap to the fundamental levels refers to
ion (or electron) transfer from or to acids and bases (or redox states). The
first-row reaction formulates the transfer of the ion (proton, Ag�) or
electron from the level under consideration within the gap to the upper
fundamental level reflecting pKa or pKox , while the second row refers to the
release of the corresponding negative particle (jH j ÿ, i.e., OHÿ ; jAg j ', i.e.,
V '


Ag; or je j . , i.e., h.) and is characterized by the parameters pKb or pKred .
The units are chosen such that the differences of the levels correspond to
decadic logarithms of molar concentrations (mol Lÿ1). In the same way the
multiplicities of the associates are taken into consideration.[38] Thermody-
namic raw data taken from reference [37]. [Naturally, the defect associates
are also redox active: The (Ag.


iSAg' ) complex, for example, also forms a
midgap state in the electronic diagram, and an excitation of an electron
from a Clÿ (valence band) to the Ag� in the complex demands less energy
than the excitation to a regular Ag� (conduction band).]


(yielding pKA� pKred).[25] Making use of the isomorphy of the
relations with regard to the complex acidic and basic centers
in water (Figure 2 left), we recognize that similarly the
distance of acidic or basic levels to the fundamental mÅ o


H� and
mÅ o
jHjÿ levels yield the pKa and pKb values, respectively. To give


an example: the levels in the left part of Figure 2 correspond
to the acid ± base pairs HOAc/OAcÿ (Ac�CH3CO) and
NH4


�/NH3 and represent the normalized standard potential of
the protons in HOAc or NH4


�. Flat levels correspond to
strong acids, deep levels to weak acids and a mid gap position
means pronounced amphoterism.


Now let us turn to acid ± base reactions within ionic solids
(Figure 2 center).[26] As for the aqueous solutions the internal
acids and bases are complex species, associates, which involve
the ion under consideration. If we dope AgCl with Ag2S we
replace Cl by S (yielding a charged substitutional defect) and
form additional Ag� in the interstitial lattice. At low temper-
atures the impurity center and the silver interstitial associate
to a complex. Since we are now referring to structural details
it is better to use structure element notation.[17] The associ-
ation is then explicitly described by the reaction of Ag.


i (Ag�


on an interstitial site i) with S '
Cl (S2ÿ on a Clÿ site) to form the


neutral (Ag.
iS '


Cl�. At high temperatures this essentially dis-


sociates, that is, the silver ion is released to form a free Ag.
i (Ag�


on an interstitial site), while overcoming the distance to the
upper fundamental level. In other words: the complex acts as
a silver-ion donor and, thus, as a (generalized) acid. If the distance
is small, the acidic strength is high and most of the associates
are dissociated even at comparatively low temperatures, the
distance being a direct measure of pKass or pKdiss, that is, of
pKa or pKb. In the same way as NH4


� is a weaker acid than
HOAc, (Ag.


iS'Cl) is a weaker (generalized) acid than (Ag.
iO'Cl)


(but stronger than AgAgCd.
Ag , see below).


In relative terms the differences to the fundamental levels,
that is, the pKs are convenient measures; we do not need to
know the absolute positions, as long as we stick to the same
solvent. However, if we compare different materials, all
quantities differ by the respective values of the standard
values. So it is indeed reasonable to term mÅ o


H� and ÿmÅ o
OHÿ


the standard acidity levels as well as it is reasonable to
term mo


Ag. and ÿmojAgj' the generalized standard acidity
levels or to refer to mÅ o


e' and ÿmÅ o
h. as the standard electronicity


levels. The question of how to relate the different scales
in different materials to each other will be taken up below
again.


Another important complex in AgCl is the associate of a
Cd2� impurity (Cd.


Ag� with silver vacancies (V'Ag� to form the
neutral (Cd.


AgV'Ag� complex. In our level scheme (Cd.
AgV'Ag�


lies closer to the lower level, which refers to the vacancy
(ÿmojAgj'�. The excitation of a regular silver ion to that level
orÐput differentlyÐthe release of the basic species V'Ag


from the complex, corresponds to the dissociation of the
complex and is characterized by pKb. The parameter pKa�
pKFÿ pKb describes the release of a silver ion next to Cd.


Ag


into an interstitial site to form the vacancy ± impurity com-
plex.


Figures 2 (bottom) and 3 give different quantitative exam-
ples with respect to acid ± base levels in ionic solids. Note that
these centers are necessarily complex in the same way as
NH4


�, HCO3
ÿ, HOAc (�CH3COOH) and so forth are


necessarily complex. Figure 3 shows examples for AgBr as
well as the anti-Frenkel disordered fluorides CaF2 and SrF2.
For these last two the fundamental disorder occurs now in the
anion sublattice, in contrast to the silver halides, and the roles
of anions and cations, acids and bases are exchanged.


Figure 3. Level pictures for AgBr, CaF2, and SrF2. The levels refer to the
standard potentials of Ag� or Fÿ in the respective states. The lower
fundamental level refers to the perfect state, while the upper fundamental
level refers to the excited state. For the purpose of comparison with H2O,
the units are chosen such that the differences of the levels correspond to
decadic logarithms of molar concentrations (mol Lÿ1). The multiplicities of
the associates are also taken into consideration in AgBr.[38] There the levels
closer to the upper level correspond to cation donors and thus to
generalized acids and bases, while the lower levels represent efficient
acceptors and, hence, bases. For CaF2 and SrF2 the roles of cations and
anions are exchanged and so are the terms acids and bases.
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Complications


Interactions of neutral components with binary solids de-
scribe the change of stoichiometry and have an impact on
both the ionic and electronic defect budget, for example, the
incorporation of a silver excess in AgCl (Ag�Vi >Ag.


i � e')
or the introduction of oxygen into vacancy-containing oxides
(1�2O2�V..


O >OO� 2h .).
This interaction involves ionic and electronic processes and,


in fact, quantitatively relates the acidity level and the electro-
nicity level (mAg� mAg�� meÿ� mAg


.� me'). In water such an
interaction would, for example, be the solubility of H2,
(1�2H2�H2O>H3O�� eÿ), which is usually not of
proper significance.[27] (The analogous reaction of the solvent
liquid ammonia can be visualized with the well-known color
change.)


In our context it is naturally preferable to term such species
redox acids (or redox bases) rather than to generalize the term
acids (and bases) to an extent that it is also comprising both ionic
and electronic interactions (cf. Ussanowitsch concept). The same
holds for internal associates of ionic and electronic defects (such
as oxygen vacancies that have trapped one or two electrons).


Let us return to the purely ionic effects and consider a
different type of disorder. As regards the Schottky disordered
NaCl[28] the situation is similar as discussed for AgCl;
however, the fundamental internal dissociation reaction now
involves both Na� and Clÿ and the level language is not very
appropriate. Yet, also here impurity complexes form internal
acids and bases the pKa and pKb of which are related by the
Schottky reaction (pKs). The association strength of M.


Na (i.e.,
M2� on Na� sites) with V '


Na decreases, and, thus, the basicity
(i.e., the ability of setting free the basic V '


Na� increases from
Cd2� through Sr2� to Mg2�.


If the solvent is already complex such as Na�OHÿ (complex
anion) we face two kinds of fundamental acid ± base reactions:
one is the dissociation as discussed above (ªsuperionic
dissociationº[24]) and the other the ionic dissociation of the
covalent OHÿ according to 2 OHOH>HOH.


OH�O '
OH leading


to the acidic H2O (in NaOH!) and the basic O2ÿ.
A further illustrative example refers to the water uptake of


oxides, typically perovskites, which can make them proton-
conducting[9, 29] by the introduction of OHÿ groups into the
O2ÿ sublattice. Similar as at the surface, this water incorpo-
ration leads to the formation of internal OHÿ groups. A
necessary requirement is (we exclude interstitial OHÿ in view
of the dense structure) the existence of oxygen vacancies. Let
us, in a thermodynamic thought experiment, split the gaseous
H2O into 2 H�(g), and O2ÿ(g).[29] Then the process consists of
filling the oxygen vacancy by O2ÿ to form a regular O�


O,
(O2ÿ(g)�V..


O >O�
O(g)), and, second, in bringing the protons


into the lattice (2H�(g) � 2 O�
O > 2 OH.


O), to form OHÿ


defects (on O2ÿ sites). The first reaction expresses the O2ÿ


basicity/acidity of the oxide characterized by the reaction of
the acidic V..


O with the basic O2ÿ (to form O2ÿ effectively
neutralized in the crystal lattice), the second expresses the
proton acidity/basicity of the lattice (reaction of the O�


O with
the acidic H�(g) to form the comparatively acidic particle
OH.


O�. Both properties are different, yet coupled through the
chemical potential of H2O.


As already seen when considering NaCl, the level language
loses its adequacy in cases in which different ionic species are
mobile and exchangeable. In the most general case a variety
of internal defect reactions occurs and a variety of (acidic and
basic) elementary point defect species have to be taken into
account. Since each internal defect reaction corresponds to a
specific level picture characterized by an individual funda-
mental gap, the chemical description in terms of chemical
reactions becomes preferable. This is even more serious when
multinary compounds are considered, since then we have to
speak of different kinds of acidities/basicities. While the
validity of the thermodynamic treatment remains untouched,
the meaningfulness of the acid/base concept then gets lost.
Yet, in most cases indeed one intrinsic defect reaction
prevails, while other defects are negligible or frozen-in. Then
the acid ± base terminology is as useful for the consideration
of ion-transfer reactions as redox considerations are to
rationalize electron-transfer reactions.


Frequently, acid/base properties of solids are solely under-
stood in terms of surface properties and termed surface
acidity or basicity. If we can ignore electric field influences it is
now evident that in equilibrium, owing to the spatial
constancy of mH� , meÿ, or mAg� , this reflects exactly the same
property that is reflected in the interior by point defect
concentrations. Moreover, the chemical potential of the
surface ions is also reflected by the concentration of the
defects, provided they are dilute, within the surface. Owing to
the different mo�s and pK�s, their concentrations deviate from
that of the bulk.[30] In other words the acid ± base scales of bulk
and surface are different and can be converted by means of
surface thermodynamics which gives the difference
mo(bulk)ÿ mo(surface).[31]


These surface defects should, owing to their high local
energy, be catalytically very reactive. In references [32] and
[33] indeed the ability of these defects to be effective acid ±
base catalytic centers has been demonstrated. Since for many
reactions both acid/base and redox catalysis should be
necessary, it is not surprising that mixed conductors are
usually efficient catalysts (which may even be enhanced by the
mobilities). Here it is worth mentioning that for very tiny
crystals, the chemical potential of the componentsÐand thus
also acidity and basicityÐis perceptibly influenced by the
surface-to-bulk ratio and, hence, will be size dependent . In
non-equilibrium cases the (electro-)chemical potential is not
the same everywhere. Then basicity/acidity varies locally even
on the time average: a relevant example may be high local
basicity/acidity of frozen surface defects.


Generally at surfaces, field effects have to be taken
seriously, since the surface is charged. References [34] and
[35] give a detailed account of how to correlate the concen-
trations with the proper material and state parameters. The
situation is more complicated, but on the other side, it is this
charging effect which allows one indeed to determine the
difference of the scales (standard levels) between the two
solids, namely the difference of the standard acidities (level
difference) of the individual species. In these cases we have to
identify the Fermi level with the total chemical potential,
which also includes field effects, that is, we refer to the
electrochemical potential (indicated by a tilde: mÄ).
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Acidity Scales in Different Solids and Acid ± Base
Reactions of Solids


Let us first consider two solids A and B. If the electronicity
level (Fermi level) of A is higher than that of B, electrons will
be transferred from A and to B; even though the effect is not
large compared to the number of particles in the solid, this is
an expression of the fact that A reduces B.


Similarly if A and B are two protonic solids, a higher
protonicity (Brùnsted level) level in A means that A proto-
nizes B. Thus A is more proton-acidic than B. Again this can
be generalized appropriately to anions (O2ÿ) or other cations
(Ag�). The reader may note that this is analogous to the
transfer of protons from HOAc to NH3 in molecular
chemistry as shown by Figure 4. The correspondence is
perfect if we consider the solid as a giant molecule (the
products of OAcÿ and NH4


� then corresponding to the
charged A and B solids).


Figure 4. The electrochemical potential (mÄ) of the respective ion dictates
the direction of ion transfer, and, thus, the relative acidity and basicity. If we
conceive the solids as giant molecules (solid A: amHn, solid B: bkHl) the
charge transfer is directly comparable with the protonation of a basic
molecule by an acidic molecule.


To compare different solids it is necessary to refer to a
common standard state. We chose the gaseous state. Similarly
as we can compare the Fermi levels to mÄeÿ in the gas phase, we
compare the mÄ �s of a common ion, for example, O2ÿ in oxides
with mÄO2ÿ in the gas phase (Figure 5). According to section on
acidic and basic centers in water viewed as point defects, the
basicity of O2ÿ can be also expressed by the negative


electrochemical potential of an
oxygen vacancy.


In other words, the higher the
O2ÿ basicity is, the easier we can
remove an oxygen ion or the
more difficult it is to fill a
vacancy (or the easier it is to
incorporate O2ÿ interstitially).
If we dissolve BaO into MgO
the ionicity of the oxide ion
increases and, leaving other
effects aside, the easier the
O2ÿ vacancy can be formed. In
this sense the ease to remove
O2ÿ, that is, the basicity, de-
creases when the counterpart to
the oxygen is made more elec-


tronegative. If in a thought experiment M in MO is changed
from a very electropositive metal to an electronegative non-
metal, the removal of O2ÿ becomes more and more difficult.
The remaining positive charge is progressively more difficult
to accommodate (consider, e.g., P2O5(s)). (In the elemental
solid O2(s) positively charged oxygen would have to be left!)
Besides the pure covalency effect, other influences such as
size requirements (cf. pressure) also influence basicity/acidity
accordingly.


Note that if both cations and anions are exchangeable we
have to specify to what sublattice acidity/basicity refers (mÄM�


or mÄXÿ). Both properties are connected in each material by
mo


MX, which varies if we change the substance.
Let us briefly consider acid ± base reactions between solids


(see Scheme 2). Even though the thermochemical formalism
to fully describe such reactions is straightforward and clear,[14]


viewing these equations from the standpoint of the chemical


Scheme 2. Various types of acid ± base reactions as discussed in the text
(sss� saturated solid solution).


potential of a common ion is very instructive. Let us consider
Scheme 2 and follow the O2ÿ basicity: In the first example in
Scheme 2, small amounts of BaO are completely dissolved in
MgO; the final solid solution has then been made more (O2ÿ)
basic relative to MgO by incorporation of the more basic BaO
(as already discussed). If we follow the exchange of BaO
(Reaction 2) from a more concentrated solid solution to a less
concentrated solution, an adjustment of the basicity occurs.
The effect is only appreciable, if the amount of the solute is
high enough to perceptibly change the mass action constants.
Dissolving Na2O into MgO (Na� replacing Mg2�) has an
additional electrostatic effect that increases the number of V..


O


(basicity) even for very small amounts (Reaction 3). Reac-
tion 4 shows an acid ± base reaction that is restricted to a pure
surface-charging reaction. Contacting two comparable com-
positions of mutually saturated MgO and BaO leads to a
contact effect: O2ÿ is transferred from the boundary zone of
one phase to the boundary zone of the other phase. (Note that
in boundaries acid ± base effects are reflected by the combi-
nation of both defect concentration changes and electrical
potential changes!) In Reaction 5, finally, we form a new
compound from the reaction of a basic and an acidic oxide.
The picture viewed from O2ÿ basicity concentrates on the
partial reaction given in Equation (14)


O2ÿ(MgO)� 2O2ÿ(TiO2)> 3O2ÿ(MgTiO3) (14)


while a complete quantitative treatment also has to take into
account the transfer of Mg2� from MgO into MgTiO3 and of
Ti4� from TiO2 into MgTiO3.


Figure 5. Oxide 1 is more basic
than oxide 2. The electrochem-
ical potential of O2ÿ in 1 is
higher than in oxide 2 if iso-
lated, which can be probed by
contacting oxide 1 with oxide 2.
The O2ÿ basicity of a variety of
oxides can be compared by
referring to the O2ÿ in the gas
phase. The figure also indicates
that the ease to remove an O2ÿ


corresponds to the ease of
forming an O2ÿ vacancy.
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The usefulness of the acid ± base consideration is also
demonstrated by the following example of a gas ± solid
boundary effect: In the same way as redox active gases (O2)
can be sensed by their effect on the surface conductivity of
semiconducting oxides (SnO2), ammonia can be sensed by its
impact on the surface Ag� conductivity of silver halide.[34] As
adsorbed oxygen traps electrons, NH3 traps silver ions to the
adsorption layer and increases the vacancy concentration
underneath [Eq. (15)].


NH3(base)�AgAg(acid)>NH3 ´´´ Ag.
i (acid)�V '


Ag(base) (15)


As in the former redox effect (O2 and SnO2), this process
can be favorably described in the level language. The first
effect is essentially a pure redox effect, while the second effect
offers the possibility of sensing acid ± base active gases.[35]


A final question may be tackled: How can we address the
materials parameters through which the different acidity/
basicity scales differ?


In reference [36] the contact equilibrium of the two phases
MX and MX' (I, II in Figure 6) is treated, between which an
ion can be exchanged. As in the previous example let us here
refer to the case that the cation (e.g. Ag� in silver halides) is
the mobile species. As a consequence of the constancy of the
respective electrochemical potential, a partial redistribution
of the ion (M�) has to occur, giving rise to changed acid ± base
concentrations compensated by an electrical field. This is
shown in Figure 6 for the contact of two silver halides. The
changed defect concentration, for example, can be measured
by the conductance change. If we can suppose that no charge
is stored at the core of the interface, the conductance depends
(besides mobilities and bulk concentrations) on the differ-
ences mo


I ÿ mo
II in a simple way. It is exactly these differences


which distinguish the mo scales and their standard acidities. For
details see reference [36].


Figure 6. While mÄAg�, and so the absolute acidity, adjusts at the contact of
two phases (two silver halides), there is a jump in the standard state (scale).
This jump gives rise to electric fields and concentration changes. The
concentration changes can be measured by conductance experiments
parallel to the interface.[34] In this way the scales can be compared. Note
that while we may define the electrical potential in the bulk of one of the
two materials as zero, hence mo� mÄo, this is not possible then in the other.


Acknowledgement


The author wants to thank Arndt Simon for reading the manuscript and
helpful suggestions, and Martin Jansen for discussions.


[1] Point defect chemistry was founded by a) J. Frenkel, C. Wagner, W.
Schottky, Z. Phys. Chem. B 1930, 11, 163; b) C. Wagner, Z. Phys.
Chem. B 1936, 32, 447; its progress has been summarized in different
contributions (see, for example, c) F. A. Kröger, Chemistry of
Imperfect Crystals, North-Holland, Amsterdam (The Netherlands),
1964 ; d) H. Schmalzried, A. Navrotsky, Festkörperthermodynamik,
VCH, Weinheim (Germany), 1975 ; e) J. Maier, FestkörperÐFehler
und Funktion: Prinzipien der Physikalischen Festkörperchemie, Teub-
ner Studienbucher Chemie (Eds.: C. Elschenbroich, F. Hensel, H.
Hopf), Teubner, Stuttgart (Germany), 2000.


[2] The existence of an electrical equilibrium field complicates the
situation in that the chemical potentials of the ions at the surface and
in the bulk then differ by the electrical potential difference. Since this
can be expressed in terms of the state and materials parameters,
surface and bulk acidity/basicity are nonetheless intercorrelated in a
defined way.


[3] L. Ebert, N. Konopik, Oesterr. Chem.-Ztg. 1949, 50, 184; F. Bjerrum,
Angew. Chem. 1951, 63, 527; F. Bjerrum, Naturwissenschaften 1951, 38,
461.


[4] H. Gehlen, Z. Phys. Chem. 1954, 203, 125.
[5] M. Ussanowitsch, Russ. J. Gen. Chem. 1939, 9, 182.
[6] G. N. Lewis, J. Franklin Inst. 1938, 226, 293.
[7] Acid ± Base Interactions (Eds.: K. L. Mittal, H. R. Andersen, Jr.), VSP,


Utrecht (The Netherlands), 1991.
[8] M. L. Pearce, J. Am. Ceram. Soc. 1964, 47, 342; M. L. Pearce, J. Am.


Ceram. Soc. 1965, 48, 175.
[9] S. Yamaguchi, K. Nakamura, T. Higuchi, S. Shin, Y. Iguchi, Solid State


Ionics 2000, 136/137, 191.
[10] C. Wagner, Metall. Trans. B 1975, 6, 405.
[11] See, for example, R. Haase, in Physical Chemistry, An Advanced


Treatise, Vol. I, Thermodynamics (Eds.: H. Eyring, D. Henderson, W.
Jost), Academic Press, New York (USA), 1971.


[12] We generally take the definition of pAz��ÿ lgaAz� in which the
activity aAz� for high dilution of Az� can be replaced by the
concentration. For H� and OHÿ in water, usually the charge number
is dropped in the symbol (pH, pOH).


[13] If we deviate from ideal solution, activity coefficients have
to be introduced that take account of interionic interactions
(according to c1/2 (Debye-Hückel) or c1/3 (pseudo-Madelung) correc-
tions) or of configurational effects (e.g., Fermi ± Dirac correc-
tions).[1e]


[14] From dG�Sjmjdnj� 0 (G : Gibbs energy, n : mole number) it follows at
constant pressure and temperature for a reaction Null>SjnjAj (nj :
stoichiometric number, negative for reactants, positive for products)
together with particle conservation dnj/nj� constant that in equili-
brium Sjnjmj� 0. Hence for the autoprotolysis reaction mH� �mOHÿ�
mH2O. Irrespective of equilibrium conditions we can always write mAB�
mA in AB� mB in AB, since AB has been identically decomposed into A (in
AB) and B (in AB). Unlike the equilibrium condition, this additivity
also holds for the standard potentials, thus mjHjÿ � mOHÿ ÿmH2O and
mojHjÿ � mo


OHÿ ÿ mo
H2 O (however: mo


H2O=mo
H� � mo


OHÿ �.
[15] Since the chemical potential of water is only marginally changed by


the content of dilute ions: mH2O' mo
H2 O.


[16] J. Maier, Angew. Chem. 1993, 105, 333; Angew. Chem. Int. Ed. Engl.
1993, 32, 313; J. Maier, Angew. Chem. 1993, 105, 558; Angew. Chem.
Int. Ed. Engl. 1993, 32, 528.


[17] In defect notation, dots and dashes designate relative charges. Crosses
refer to effectively neutral particles and are often left out. In water
relative charges and absolute charges are identical, while in ionic
solids (M�Xÿ) we have to distinguish between absolute charges (M�)
and effective charges. In contrast to ionized but effectively neutral
cations on regular positions (sitting in steep potential minima) the
comparatively ªfreeº cation, that is, the cation on an ªexcitedº
(interstitial) site, is denoted as M . . So this ªproper dissociationº on the
cation sublattice is described as Null>M .�jM j '. jM j ' is the cation







CONCEPTS J. Maier


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4770 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 224770


vacancy, which is effectively negatively charged. In addition to this
building unit nomenclature in which particles and charges are both
defined relative to the perfect structure (Schottky notation), there is a
more common structure element nomenclature (Kröger ± Vink nota-
tion) in which the charges are still relative but the particles are defined
as absolute constituents (V: vacancy; the lower index gives the
crystallographic site of the perfect structure; i: interstitial site). Thus,
in the latter notation, M . is represented by the difference of M.


i and Vi,
while jM j '�V '


MÿMM.
[18] If we virtually split H2O into a H� part and an OHÿ part without


decomposing it, that is H2O�H�(H2O)� OHÿ(H2O), then it holds in
equilibrium that mH�(H2O)�mH� where H� now refers to the dissociated
particle. In the same way in solids the chemical potential of electrons is
generally equal to the chemical potential of conduction electrons, that
is, meÿ� me' (and because of reference [14] equal to ÿmh


. too). This is
simply proven in the following way: first we phenomenologically
formulate the implementation of eÿ from the gas phase into the solid
as eÿ(g)> eÿ(s), and second, we mechanistically formulate this
implementation as eÿ(g)> e'. According to reference [14] it follows
meÿ(s)� meÿ(g)� me' .


[19] The isomorphism between electrons in solids and protons in solutions
was highlighted by A. Rabenau in Die feste Materie (Ed.: L. Genzel),
Umschau, Frankfurt am Main (Germany), 1973, p. 223.


[20] W. Schottky in Halbleiterprobleme IV (Ed.: W. Schottky), Vieweg,
Braunschweig (Germany), 1958, p. 235.


[21] The real situation in covalent solids is more complex, since in addition
to the simple ionic dissociation, there is also site disorder of the
neutral species.


[22] With H.
i we mean more accurately excess protons even if the ªsiteº i is


very close to the regular one.
[23] J. Frenkel, Z. Physik 1926, 53, 652.
[24] The term ªsuperionicº takes a rigorous meaning in referring to the


dissociation of already ªdissociatedº particles. It describes the
dissociation of the ground state situation (ªperfect structureº) in
which electrically charged particles all sit in their deep potential
minima and are immobilized (see also ref. [17]).


[25] The transfer of an electron from the valence band to the acceptor,
which thereby becomes ionized, is written as A>A'� h . . The


parameter pKA�pKred is associated with this reaction. Similarly pKox


addresses the donor ionisation. The sum pKred�pKox refers to the
band ± band transfer.


[26] J. Maier, Solid State Ionics 2001, 143, 17.
[27] The solubility of H2 or O2, however, increases significantly if redox


active solutes are present. In other words redox active solutes raise the
stoichiometric width of impure H2O considerably. Compare with the
analogous tremendous influence of the redox active impurities on the
thermodynamic factor of ionic crystals (J. Maier, J. Am. Ceram. Soc.
1993, 76, 1212).


[28] Schottky disorder means simultaneous formation of cation and anion
vacancies as fundamental disorder.


[29] See, for example, K.-D. Kreuer, Chem. Mater. 1996, 8, 610.
[30] a) R. Defay, I. Prigogine, A. Bellemans, H. Everett, Surface Tension


and Adsorption, Wiley, New York (USA), 1960 ; b) A. I. Rusanov,
Phasengleichgewichte und Grenzflächenerscheinungen, Akademie-
Verlag, Berlin (Germany), 1978.


[31] See literature on surface thermodynamics, for example, referen-
ce [30b].


[32] G. Simkovich, C. Wagner, J. Catal. 1962, 1, 521.
[33] P. Murugaraj, J. Maier, Solid State Ionics 1989, 32/33, 993.
[34] J. Maier, Prog. Solid State Chem. 1995, 23, 171.
[35] J. Maier, Solid State Ionics 1993, 62, 105.
[36] J. Maier, Ber. Bunsenges. Phys. Chem. 1985, 89, 355.
[37] J. Corish, P. W. M. Jacobs, Surf. Defect Prop. Solids 1973, 2, 160; J.


Corish, P. W. M. Jacobs, Surf. Defect Prop. Solids 1976, 6, 219; J.
Corish, P. W. M. Jacobs, J. Phys. Chem. Solids 1972, 33, 1799; S. M. Sze,
Semiconductor Devices, Wiley, New York (USA), 1985.


[38] For the purpose of re-scaling the defect concentrations from site
fractions (ionic defects) or number density per effective density of
states (electronic defects) to the units used here, the molar volume or
the effective molar density of states in moles per litre has been used.
The multiplicities used are 12 for (CdAgVAg)�, 6 for (AgiSCl)� in AgCl
and as far as MF2 (M�Ca, Sr) is concerned: 8 for (NaMVF)�, 6 for
(OFVF)�, and 6 for (YMFi)� ; in silicon they are 4 for acceptors and 2
for donors.[37] Also note that the number of possible interstitial sites in
AgCl or AgBr is twice the number of regular silver sites, while in
CaF2, SrF2 it is half that value.








Chem. Eur. J. 2001, 7, No. 22 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4771 $ 17.50+.50/0 4771


H. M. R. Hoffmann et al.


The above figure shows the D±D and L±L category of C-glycosides as projection
formulae and as three-dimensional structure models (and their mirror images).







The Total Synthesis of C-Glycosides with Completely Resolved Seven-Carbon
Backbone Polyol Stereochemistry: Stereochemical Correlations and Access to
l-Configured and Other Rare Carbohydrates
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Abstract: The de novo synthesis of a full set of hydroxymethyl C-glycosides from
only two precursors is described. The seven-carbon target molecules contain five
stereocentres and bridge the stereochemical gap between natural d-configured and
non-natural l-configured series of hexoses. Key steps include hydroxylation, differ-
ential protection, stereoselective reduction and desymmetrization of 8-oxabicy-
clo[3.2.1]oct-6-enes. C-Terminus differentiation and C-terminus excision of the seven-
carbon polyol backbone lead to hexoses, including those of the l-series. A
stereochemical and genetic classification of C-glycosides is presented.
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Introduction


Carbohydrates are essential molecules of biological systems.[1]


They contribute to the structural framework of cells and
tissues and play an important role as an energy storage
system.[2] A high number of glycoconjugates,[3] such as
glycoproteins and glycolipids, are involved in coding infor-
mation and in cell ± cell recognition.[4] They are built of
oligosaccharide structures and a protein or lipid moiety and
are located on the cell surface. The phantastic structural and
stereochemical diversity of carbohydrates, also called the
glycocode, exceeds that of polypeptides by far. While five
different difunctional amino acids furnish 120 different
pentamers of typ ABCDE, the number of corresponding
pentameric structures of five different monosaccharides has
been calculated to be 2 144 640.[5] Because of the essential role
in cell ± cell and cell ± pathogen communication the develop-
ment of new carbohydrate mimics for drug discovery or
mechanistic explorations of cellular interactions and metab-
olism is promising.[6] In recent years C-glycosides[7] have been
the focus of attention because of their more stable C-glyco-
sidic linkage.[8] The most obvious application is to utilize them
as inhibitors of glycosidases and transferases,[9] which are
known to be involved in cancer, viral infections and metab-
olism defects.[10] So far C-glycosides of rare and non-natural
sugars have been studied much less presumably because of


lack of access. The eight l-configured open-chain aldohexoses
(six-carbon atoms, four stereocentres) have been synthesized
by Masamune and Sharpless, using the Sharpless AE reaction
as key step.[11] Vogel and his colleagues have prepared a wide
variety of sugars (and ªnaked sugarsº) starting from Diels ±
Alder adducts of furan.[12] Non-natural six-carbon sugars have
also been synthesized more recently by Ogasawara from
furfuraldehyde.[13]


ConceptÐCorrelationsÐClassification


We report the de novo synthesis of a full set of hybrid d- and
l-C-glycosides starting with the unsaturated [3.2.1]oxabicyclic
framework. The target molecules contain a fifth stereocentre
in the six-membered oxacycle.


It occurred to us that a hybrid series of C-glycosides can be
constructed consisting of the naturally occurring set of d-
hexoses and the non-natural l-enantiomers: Such a series
(with a progression from six to seven carbon atoms and five
stereocentres) has structural and stereochemical features of
both d- and l-configured pyranosides. Moreover in our case,
the series is created from non-carbohydrate starting materials.
We illustrate our plan with a gedanken experiment involving
meso-configured C-glycosides 1 ± 4 (Scheme 1).


Consider C-glycoside 1 which can be derived from d-talose,
by b-selective hydroxymethylation of the d-talopyranose
anomeric centre. Alternatively and completely independently,
b-hydroxymethylation of the anomeric centre of non-natural
l-talopyranose furnishes the identical seven-carbon d-l
hybrid 1. Hybrids 1 ± 4 are achiral and correlate 24/2� 8
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stereoisomeric aldohexoses (d-allo-, d-gluco-, d-ido-, d-talo-
pyranose with their respective l-enantiomer). In meso-3 the
five substituents attached to the tetrahydropyran ring are all-
equatorial, just as in the b-d- and b-l-glucopyranose pair. The
meso relationship is a powerful stereoconnector and allows
further interrelations, namely by desymmetrization.


Furthermore, the carbon
C4 is pseudo-asymmetric
(Scheme 2) and is flanked by
two substituents having identi-
cal constitution, but opposite
configuration. According to
the CIP rule[14] C4 has pseudo-
asymmetry descriptor 4r in
meso-1. A selective inversion
(H, OH ligand interchange)
transforms meso-1 into its 4s-
epimer meso-2, and meso-3 into
meso-4 (Scheme 2). In theory,
an inversion at central carbon
C4 is a simple operation, but a
number of experimental pitfalls
had to be overcome. An at-
tempted Mitsunobu inversion
and a selective oxidation/reduc-
tion in a similar case (see be-
low) were not successful, appa-


rently because of the high oxygen atom density clustered
around C4 and steric hindrance from various protecting
groups. Eventually, conversion into the very reactive triflate
and SN2 inversion with tetra(n-butyl)ammonium nitrite
(nBu4NONO) was successful for a number of less hindered
systems.


Scheme 1. b-Anomeric homologation of four pyranoside d and l pairs (first series): Symmetrization to meso-polyols.


Scheme 2. Pseudo-asymmetry in meso-configured seven-carbon d-l hybrids and their open-chain equivalents
with syn-2,6 stereochemistry.
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In our second series the remaining eight hexoses (d- and l-
configured altro-, galacto-, gulo-, mannopyranose) are hy-
droxymethylated at the anomeric centre, again with exclusive
b-stereoselection, generating two pairs of enantiomeric
C-pyranosides, that is, 5 and ent-5 ; 6 and ent-6 (Scheme 3).
Thus, the stereochemical degeneracy and s-symmetric struc-
ture of 1 ± 4 (see Scheme 1) have disappeared.


Each C-glycoside in Scheme 3 can be regarded as a d-l
hybrid of a d-hexose and a different single appropriate l-
hexose. To exemplify, C-glycoside 5 is a b-hydroxymethylated
C-d-mannoside and alternatively, a b-hydroxymethylated
C-l-galactoside: The anomeric reference atom (�configura-
tion defining atom) is d-configured in the mannoside core of 5
and l-configured in the galactoside core. C-Glycoside 6 and
its enantiomer ent-6 have been constructed accordingly
(Scheme 3). The generation of four d-l hybrids (5 and ent-5 ;
6 and ent-6) and the potential of further interconversions
simplify organic syntheses substantially. In fact, the fully
developed synthetic methodology for the second series
comprises at most two non-enantiomeric stereoisomers.


In order to complete the series of seven-carbon hybrids,
homo-chiral instead of hetero-chiral hexoses are paired,
homologated and coalesced. In this case anomeric hydroxy-
methylation of eight d-aldopyranoses has to proceed stereo-
selectively from the a side, providing four d-d hybrids 7 to 10


Scheme 4. Open-chain polyol equivalents of second series with syn-2,6
relationship.


with trans-configured hydroxymethyl groups. The correspond-
ing set of four l-l hybrids is enantiomeric and consists of ent-7
to ent-10 (Scheme 5). The zig-zag chain seven-carbon equiv-
alent polyols are listed in Scheme 6.[15] Schemes 1, 3 and 5
complete our d-l, d-d and l-l classification of C-glycosides,
which focuses on the two key chiral centres C2 and C6. An
assignment to any of these three classes can be made
immediately on inspection of projection formulae. The
notation allows us to spot genetic relationships with carbohy-
drates, while defining relative and absolute configuration at
the penultimate positions C2 and C6.


Scheme 3. b-Anomeric homologation of four further d and l pairs: Generation of two racemic pairs 5 and ent-5 ; 6 and ent-6 (second series). C4
epimerization transforms 5 into 6 (ent-5 into ent-6).







C-Glycosides 4771 ± 4789


Chem. Eur. J. 2001, 7, No. 22 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4775 $ 17.50+.50/0 4775


Scheme 6. Open-chain polyol equivalents: the d-d and l-l hybrids with
anti-2,6 stereochemistry.


Total synthesis : A number of C-glycosides of Scheme 1, 3 and
5 have been reported in the past, although the polyhydroxy
chain was not differentiated. Stereoisomer meso-3[16±19] (de-


rived from d-glucose), d-d hybrid 8[18±20] (from meso-3 by l!
d change), 5,[17, 19] ent-5[19, 21] and ent-6[19] have been accessible.
In each case a carbohydrate from the chiral pool was modified
to provide the desired target.


Our retrosynthetic analysis starts from two simple bicyclic
compounds, parent 11 and chiral a-oxygenated (ÿ)-12
(Scheme 7). Both 11 and (ÿ)-12 are conformationally con-
strained, but not entirely rigid, and they are to be elaborated
by three key transformations: A, B, C. We planned to
synthesize the C-glycosides in parallel fashion and with an
orthogonal set of protecting groups.


Our first goal was to establish the oxygenation pattern and
required stereochemistry around the carbonyl group which
was to serve as fulcrum of these efforts. a-Hydroxylation
(Step C) followed by stereoselective reduction (Step B) of the
carbonyl moiety was considered as most practical approach.
Ozonolysis (Step A) of the etheno bridge of a completely
elaborated oxabicyclic precursor and subsequent reduction
should allow anomeric control and provide the target
molecules: cis-2,6-Configured hydroxymethyl groups are
generated with relaxation of conformational constraint.


In practice [3.2.1]oxabicyclic ketone 11 was assembled via
[4� 3]-cycloaddition of furan with an allyl cation.[22] The
recently developed asymmetric version of the cycloaddition,
involving chiral carbocations as reactive intermediates, gave
(ÿ)-12 in high enantiomeric purity.[23] Syntheses of both
systems in multigram amounts have been described.


Scheme 5. Correlations of appropriate homo-chiral d-d and l-l pairs: Seven-carbon d-d and l-l hybrids with anti-2,6 relationship (third series). All
molecules are C2-symmetric. Stereoisomers 9, ent-9 (10, ent-10) are also invariant to inversion at carbon C4 (interchange of H and OH at C4 gives the
identical molecule).
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a-Hydroxylation of bicyclic ketones (Step C): We aimed at
the preparation of all possible tris-hydroxylated oxabicyclic
olefins, that is with a,a,a, a,e,a, a,a,e, a,e,e, e,a,e and e,e,e
stereochemistry (Scheme 7). To our surprise, formation of
syn-diaxial hydroxyketones (�)-13 and (ÿ)-14 was straight-
forward, once a reliable hydroxylation procedure had been
worked out. The silylenol ether[24] was prepared by in situ
quench with chloro triethylsilane (TES-Cl)/lithium diisopro-
pylamide (LDA) and oxidized with meta-chloroperbenzoic
acid (mCPBA).[25] Equatorial epimers were not detected as
oxidation products. A mixture of tetrahydrofuran and water
1:1 was essential to minimize side reactions. Under the
optimized conditions regeneration of ketones by protonation
of enolate intermediates was not observed. Tuning the silyl
group (steric hindrance, steric stabilization and lipophilicity)
showed that the triethylsilyl group (TES) is advantageous.[23]


Excess of mCPBA may lead to epoxidation of the C6ÿC7
etheno bridge but was not detected when using 1.2 equiv
mCPBA. TES-protected hydroxy ketone was the only major
by-product. Simple addition of trifluoroacetic acid allowed
desilylation. Applying this protocol to (ÿ)-12 as starting
material gave, after acylation, the desired (ÿ)-15 in good
yield. Efforts to establish the new hydroxy group (also
equatorial) directly from (ÿ)-12 were unsatisfactory.[26] Even-
tually, basic epimerization of pivaloyl-protected (ÿ)-15 (but


not acetyl protected analogue)
and ultrasonication gave (ÿ)-16
in good yield.


At this point all possible a,a'-
bis-hydroxylated ketones, that
is (�)-13 (a,a), doubly protect-
ed (ÿ)-14 (a,a) as well as (ÿ)-15
(a,e) and (ÿ)-16 (e,e) were
available.[27] All hydroxylated
ketones were obtained in high
enantiomeric excess. All fur-
ther transformations were
equally stereoselective and car-
ried out on enantio-enriched
and also racemic materials,
without loss of generality and
with installation of the desired
absolute and also relative ster-
eochemistry (cf. also synthetic
tree in Scheme 14).


Stereoselective reduction of
carbonyl group (Step B): Usu-
ally [3.2.1]-bicyclic ketones
such as (�)-13, (ÿ)-14 and
(ÿ)-16 are selectively reduced
by sterically demanding hy-
dride donors from the more
accessible side, furnishing the
axial epimer at least predomi-
nantly.[28] For the 2,4-bis axial
system reduction with l-Selec-
tride or DIBAH gave mixtures
of axial and equatorial alcohols.


Intramolecular hydride transfer with NaBH(OAc)3 provided
the axially configured alcohol exclusively and in high yield.[29]


Because of the high oxygen density on the upper side of the
molecule a chelation-controlled reduction was envisioned as a
route to equatorial epimer with hydride attack from the
bottom face. In fact, reduction of (ÿ)-14 in presence of MgBr2


proceeded under total stereocontrol: even NaBH4 attacked
from the bottom face.[30] Selective removal of the TES group
provided (ÿ)-18 in excellent yield.[31]


Scheme 7. Retrosynthetic plan. A: ozonolysis and differential protection (or alternative procedure), B:
diastereoselective reduction, C: a-hydroxylation.
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Scheme 8. i) nBuLi, (�)-bis[(R)-1-phenylethyl]amine, TES-Cl/Et3N (in
situ quench), THF 88%; mCPBA, THF/H2O, 83%; TBS-Cl, imidazole,
CH2Cl2 99%; LDA, TES-Cl/Et3N (in situ quench), THF, 94%; for R�H:
1) mCPBA, THF/H2O, 2) TES-Cl/imidazole, CH2Cl2, 91 % (two steps); for
R�TES: 1) mCPBA, THF/H2O, 2) TFA, THF/H2O, 88 % (two steps);
ii) LDA, TES-Cl/Et3N, THF, 98%; mCPBA, THF/H2O, 78 %; PivCl, Et3N,
DMAP, CH2Cl2, 95%; iii) DBU, CH3CN, ultrasound, 85 %.
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Attempts to obtain the a,e,e alcohol rac-20 in one step from
rac-15 (cf. rac-14! rac-18) furnished exclusively the axial
epimer rac-19 in moderate yield, hydride ion attacking from
the top. Adding CeCl3 as chelation agent improved the yield
to 90 % with the same stereochemical result.[32] Numerous
efforts to establish the equatorial stereochemistry at C3
through direct stereoselective reduction of ketone 15 failed.
Finally it was found that the reaction of sensitive axially
configured triflate with the sterically unhindered tetrabuty-
lammonium nitrite (Bu4NONO) as an effective nucleophile
gave rac-20 with complete inversion (SN2).[33]


The same sequence succeeded for synthesizing both
alcohols (ÿ)-21 and equatorial (ÿ)-22 from ketone (ÿ)-16
as starting material. Again, attempts at a stereoselective
reduction of ketone (ÿ)-16 to e,e,e-configured (ÿ)-22 in one
step failed.


As an alternative access to the a,e,e-stereochemistry of rac-
20 a stereoselective reduction of ketone (ÿ)-14 to the
equatorial alcohol was carried out under chelation control
giving (ÿ)-18. Inversion of configuration at C2 (rac-23! rac-
24) proceeded by the triflate/Bu4NONO procedure as out-
lined in Scheme 10. The structure of rac-20 and of (ÿ)-22
(both with equatorial C3-OH groups) was proven by X-ray
crystal diffraction.[34] In an ancillary study the crystal structure
of syn-diaxial 13 has also been determined.[35] The synthesis
and essential chemistry of six key unsaturated oxabicyclic
triols were now worked out. A masked meso-1 equivalent (cf.
(ÿ)-21) had also been converted directly into a meso-2
equivalent (cf. (ÿ)-22) (Scheme 9). These and other secon-
dary interconversions further reduce the number of essential


Scheme 9. Six key unsaturated triols from hydroxylated 11 and (ÿ)-12 in
short synthetic order. i) NaBH(OAc)3, THF/AcOH, 87 %; ii) NaBH4,
MgBr2, MeOH, 99 %; TFA, THF/H2O, 77%; iii) NaBH4, CeCl3, THF/
EtOH, 90%; iv) 1) Tf2O, py, DMAP, CH2Cl2; 2) Bu4NONO, CH2Cl2, 75%
(two steps); v) NaBH4, CeCl3, THF/EtOH, 99 %; vi) 1) Tf2O, py, DMAP,
CH2Cl2, 2) Bu4NONO, DMSO, 60 % (two steps).


intermediates en route to the target C-glycosides. In fact, since
(ÿ)-12 has, in principle been transformed into 11 and vice
versa the number of starting materials could be reduced to
one single oxabicycle.


Scheme 10. Alternative route to a,e,e-triol. i) NaBH4, MgBr2, MeOH,
99%; BzCl, py, DMAP, 86 %; TFA, THF/H2O, 89%; ii) Tf2O, py, DMAP,
CH2Cl2, 80%; Bu4NONO, DMF, 69%.


Oxidative opening of bicyclic framework to C-glycosides and
carbohydrate mimics (Step A): For the alcohols (ÿ)-17, rac-18
and rac-24 simple ozonolysis followed by reduction (NaBH4)
and formation of benzylidene acetal provided the target
C-glycosides (�)-25, rac-26, rac-27 with completely differ-
entiated polyol backbone (see Scheme 11).[36]
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Scheme 11. i) O3, NaBH4, CH2Cl2/MeOH, 98 %; pTsOH, PhCH(OMe)2,
CH3CN, 36%; ii) O3, NaBH4, CH2Cl2/MeOH, 99%; PPTS, PhCH(OMe)2,
CH2Cl2, 64 %; iii) O3, NaBH4, CH2Cl2/MeOH, 47%; pTsOH,
PhCH(OMe)2, CH3CN, 39 %. Solid and dashed wedges denote absolute
stereochemistry, solid and broken joists give relative stereochemistry.


Similarly, the four oxabicyclic systems rac-19, rac-20, rac-21
and (ÿ)-22 were opened by ozonolysis after protection as
TBS-ethers. Removal of the 1-phenylethyl protecting group
by Pd-mediated hydrogenolysis led to the triols rac-29, rac-30
and (ÿ)-31. With rac-20 as starting material the final
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protection as benzylidene acetal afforded rac-28 as shown
(Scheme 12). There was no re-symmetrization. Because of the
orthogonally protected hydroxy groups the seven-carbon
backbone remains chiral and non-racemic.
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Scheme 12. i) TBS-Cl, imidazole, DMF, 93%; O3, NaBH4, CH2Cl2/
MeOH, 90%; Pd(OH)2/C, EtOH, H2, 93%; PhCH(OMe)2, pTsOH
(cat.), CH3CN, 85%; ii) TBS-Cl, imidazole, DMF, 95%; O3, NaBH4,
CH2Cl2/MeOH, 91%; Pd(OH)2/C, EtOH, H2, 94 %; iii) TBS-Cl, imidazole,
DMF, 84 %; O3, NaBH4, CH2Cl2/MeOH, 89 %; Pd(OH)2/C, EtOH, H2,
94%; iv) TBS-Cl, imidazole, DMF, 85 %; O3, NaBH4, CH2Cl2/MeOH,
92%; Pd(OH)2/C, EtOH, H2, 95%.


Although the three-dimensional perspective is subdued, we
have frequently used the Mills projection formulae to
illustrate configurational relationships. With puckered rings
three-dimensional features are more apparent (Scheme 13).
In conventional carbohydrate chemistry the construction of
the 1,2-cis link of b-mannopyranosides is especially diffi-
cult.[37] In our approach ring-strain of the oxabicyclic pre-
cursor is released upon cleavage of the etheno double bond
with uni-directional ring inversion. The usual anomeric effect
is irrelevant and the b,cis-mannoside problem is solved almost
en passant: both 5 and also ent-5, are obtained with ªcleanº
stereochemistry (Scheme 13).


PerspectivesÐConclusionÐModus Operandi


We have shown previously that [3.2.1]oxabicycles are multiple
aldol addition equivalents for a wide range of complex
tetrahydropyrans characteristic of marine natural products.
Furthermore, parallel chemistry has created high-quality
polyketide segments which are individually separable.[38]


The present strategy is concise and yet can be relied on to
fashion a wide range of C-glycosides. Only two oxabicyclics
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Scheme 13. Synthesis of the b-C-mannopyranosides 5 and ent-5 : To help
locating the embedded mannosyl (and galactosyl) moiety and the
alternating anomeric centres of the seven-carbon polyols, the ªunnatural
hydroxymethyl groupº has been drawn as CH2OH (see also Scheme 3).


have been used as seven-carbon polyol building blocks.
Sequential oxygenation of the three-carbon bridge provides
densely functionalized molecules with completely resolved
oxygen functions (Scheme 14). The pro-stereogenic two-
carbon unsaturated bridge is synthetically versatile and
has been modified and elaborated in various ways. Ozono-
lysis ªthrough the middleº and subsequent reduction
(Schemes 11 ± 14) furnish two cis-configured hydroxymethyl
groups. The end groups have been differentiated by intra-
molecular acetalization.


Earlier, enantiotopic cis-2,6-bishydroxymethyl groups were
recognized enzymatically as described for a ring B bryostatin
synthesis.[39]


A further option has been developed in the synthesis of the
Southern segment of lasonolide A C1ÿC16 and is adumbrated
in Scheme 15. After oxidative cleavage either one silylated
hydroxy ester [step v(1)] or the constitutional isomer
[step v(2)] with interchanged ester and hydroxy functionality
have been prepared.[38, 40]


The synthesis of d-d and of the much less common l-l
configured C-glycosides of the third series requires a single
inversion at C6 or C2. We have shown previously that
[3.3.1]lactone acetals as a new class of compounds are
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excellent glycosyl donors. One bridgehead carbon is anomeric
(either d or l) in the conventional sense with uniformly high
yields in the C-glycosidation reaction (ca. 95 %) (Scheme 16).
Consequently, both d-d type and l-l type C-glycosides are
also readily accessible, the nucleophile being introduced trans
to the glycosidic linkage with excellent stereoselectivity.
Moreover, glycosyl cyanides (d-d) have been prepared. The
change from d-d back to d-l hybrid occurs on base-induced
epimerization.[38, 41] Various transitions within the general d-l,


d-d and l-l frame have been
effected experimentally. An
activated leaving group is not
necessarily required for glyco-
sylation: Even tetrahydropyr-
an acetals with methoxide ion
as supposedly poor leaving
group serve as glycosyl do-
nors[42] in acetonitrile. It is of
biogenetic and general interest
that naturally occurring C-
linked glycosides belonging to
the l-l category, but outside
the conventional carbohydrate
area, are also rare. An example
is the marine metabolite phorb-
oxazole[43, 44] with its C4 ± C10
substructure which we pre-
pared from universal 8-oxa-
bicyclo[3.2.1]oct-6-en-3-one
(11)[28b, 41b] and also halichon-
drin B (C5 ± C11 and C28 ± C34
segment).[45] More recently api-
cularen[46] has been isolated
from myxobacteria.[47] Phorb-
oxazole, the halichondrins and
apicularen are potent anti-
cancer agents suggesting that
fine-tuning of l-l tetrahydro-
pyran stereochemistry and
shape contribute to bioactivity.


Reversion from seven car-
bon atoms to six carbon atoms
yields traditional d-configured
carbohydrates and their l-
enantiomers via directed C-ter-
minus excision, by known free
radical and ionic methodology
(Schemes 16, 17). In each case,
four of the original five stereo-
centres of the carbon backbone
remain untouched.


In summary, multiple stereo-
chemical coalescence by pair-
wise stereoselective homologa-
tion is a powerful principle for
organic synthesis. Exceedingly
simple solutions for stereocon-
trolled syntheses of complex
polyfunctionalized materials,


C-glycosides and carbohydrates including rare and non-
natural species are within experimental reach.


Experimental Section


Note : For reasons of readability the numbering of bicyclic systems follows
the order of hydroxylation instead of the usual priority rules. The
numbering of the tetrahydropyrans follows IUPAC rules.
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Scheme 14. Linear and parallel steps en route to hybrid C-glycosides. In the later stages of the synthesis racemic
but diastereomerically pure substrates and achiral reagents were used, without loss of relative stereochemistry.
Furthermore, both (ÿ)-12 and its enantiomer (�)-12 have been synthesized previously (ref. [23]). i) nBuLi, (�)-
bis[(R)-1-phenylethyl]amine, TES-Cl/Et3N (in situ quench), THF 88%; mCPBA, THF/H2O, 83 %; TBS-Cl,
imidazole, CH2Cl2 99 %; LDA, TES-Cl/Et3N (in situ quench), THF, 94%; for R�H: 1) mCPBA, THF/H2O,
2) TES-Cl/imidazole, CH2Cl2 91% over two steps; for R�TES: 1) mCPBA, THF/H2O, 2) TFA, THF/H2O, 88%
over two steps; ii) NaBH(OAc)3, THF/AcOH, 87 %; iii) O3, NaBH4, CH2Cl2/MeOH, 99%; PPTS, PhCH(OMe)2,
CH2Cl2, 64%; iv) NaBH4, MgBr2, MeOH, 99 %; TFA, THF/H2O, 77 %; v) O3, NaBH4, CH2Cl2/MeOH, 98%;
pTsOH, PhCH(OMe)2, CH3CN, 36 %; vi) NaBH4, MgBr2, MeOH, 99%; BzCl, py, DMAP, 86 %; TFA, THF/H2O,
89%; vii) Tf2O, py, DMAP, CH2Cl2, 80 %; Bu4NONO, DMF, 69%; viii) O3, NaBH4, CH2Cl2/MeOH, 47%;
pTsOH, PhCH(OMe)2, CH3CN, 39%; ix) LDA, TES-Cl/Et3N (in situ quench), THF, 98%; mCPBA, THF/H2O,
78%; PivCl, Et3N, DMAP, CH2Cl2, 95 %; x) NaBH4, CeCl3, THF/EtOH, 90 %; xi) TBS-Cl, imidazole, DMF,
95%; O3, NaBH4, CH2Cl2/MeOH, 91%; Pd(OH)2/C, EtOH, H2, 94%; xii) 1) Tf2O, py, DMAP, CH2Cl2;
2) nBu4NONO, CH2Cl2, 75% over two steps; xiii) TBS-Cl, imidazole, DMF, 93 %; O3, NaBH4, CH2Cl2/MeOH,
90%; Pd(OH)2/C, EtOH, H2, 93%, PhCH(OMe)2, pTsOH (cat.), CH3CN, 85 %; xiv) DBU, CH3CN, ultrasound,
85%; xv) NaBH4, CeCl3, THF/EtOH, 99%; xvi) TBS-Cl, imidazole, DMF, 84%; O3, NaBH4, CH2Cl2/MeOH,
89%; Pd(OH)2/C, EtOH, H2, 94 %; xvii) 1) Tf2O, py, DMAP, CH2Cl2, 2) Bu4NONO, DMSO, 60% over two steps;
xviii) TBS-Cl, imidazole, DMF, 85 %; O3, NaBH4, CH2Cl2/MeOH, 92%; Pd(OH)2/C, EtOH, H2, 95%.
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General methods : Infrared spectra were recorded on a Perkin ± Elmer 1710
IR spectrometer. 1H NMR and 13C NMR spectra were recorded on a
Bruker AM 400 spectrometer in deuterated chloroform unless otherwise
stated, with tetramethylsilane as internal standard. Mass spectra were
recorded on a Finnigan MAT 312 (70 eV) or a VG Autospec spectrometer
at RT unless otherwise stated. Preparative column chromatography was
performed on J. T. Baker silica gel (particle size 30 ± 60 mm). Analytical
TLC was carried out on aluminium-backed 0.2 mm silica gel 60 F254 plates
(E. Merck). THF was distilled over sodium/benzophenone before use.
CH2Cl2 was distilled over CaH2 before use. DMF was dried over BaO and
distilled over CaH2 before use. Methyl tert-butyl ether (MTBE), diethyl
ether (E), ethyl acetate (EA), cyclohexane (CH) and light petroleum ether
(PE, b.p. 40 ± 60 8C) were distilled before use.


(1R,5R)-3-Triethylsilanyloxy-8-oxabi-
cyclo[3.2.1]octa-2,6-diene [(�)-11 a]:
(�)-Bis[(R)-1-phenylethyl]amine
(20.88 g, 92.74 mmol) was added to a


suspension of LiCl(2.06 g, 42.5 mmol) in THF (300 mL). nBuLi (55.4 mL,
88.7 mmol, 1.6m in hexane) was added slowly at ÿ100 8C. After 5 min the
reaction mixture was allowed to warm to RT and was stirred for 20 min at
RT. A previously prepared solution of 8-oxabicyclo[3.2.1]oct-6-en-8-one
(11; 10 g, 81 mmol) in THF (100 mL) was added dropwise at ÿ100 8C over
a period of 1 h followed by a mixture of triethylamine (28.0 mL, 202 mmol)


and TES-Cl (16.2 mL, 96.8 mmol). Af-
ter being stirred at ÿ100 8C for 30 min
the reaction mixture was allowed to
warm to RT and was poured into an ice-
cold sat. NaHCO3 solution. After ex-
traction with MTBE the combined or-
ganic layers were dried (MgSO4), the
solvent was removed and the resulting
oil was purified by flash chromatogra-
phy (CH/MTBE) giving (� )-11a
(16.92 g, 88%)as a colourless oil. The
enantiomeric excess was determined
after preparation of (ÿ)-11 b by NMR-
shift measurement and was found to be
83 % ee. [a]20


D ��44.6 (c� 1, CHCl3);
1H NMR (CDCl3): d� 6.47 (dd, J� 5.9,
1.7 Hz, 1 H; H-6), 5.92 (dd, J� 5.9,
1.9 Hz, 1 H; H-7), 5.22 (dt, J� 4.8,
1.3 Hz, 1 H; H-2), 4.92 (dd, J� 6.3,
1.8 Hz, 1 H; H-5), 4.79 (m, 1 H; H-1),
2.63 (ddt, J� 17.3, 6.1, 1.2 Hz, 1 H;
H-4ax), 1.68 (dd, J� 17.3, 0.7 Hz, 1H;
H-4eq), 0.95 (t, J� 8.0 Hz, 9H;
Si(CH2CH3)3), 0.64 (q, J� 8.0 Hz, 6H;
Si(CH2CH3)3); 13C NMR (CDCl3): d�
147.29 (Cq, C-3), 137.95 (CH, C-6), 126
(CH, C-7), 107 (CH, C-2), 76.87 (CH,
C-5), 75.06 (CH, C-1), 32.70 (CH2, C-4),
6.57 (CH3, Si(CH2CH3)3), 4.95 (CH2,
Si(CH2CH3)3); IR (neat): nÄ � 2956,
2912, 2876, 1640, 1460, 1416, 1352,
1308, 1256, 1240, 1200, 1056, 1016, 968,
944, 914, 868, 744 cmÿ1; MS (rt): m/z
(%): 238 (9) [M]� , 223 (1), 209 (100),
195 (2), 179 (16), 151 (24), 116 (26), 103
(10), 87 (58).


Scheme 16. Stereoselective synthesis of C-glycosides with d-d type configuration. A: All reactions were run with
TMSOTf (ca. 1 equiv) in CH3CN, ÿ40! 0 8C; then addition of MeOH, RT! in situ esterification. Yields
uniformly ca. 95%. l-l type C-glycosides are accessible from l-anomeric [3.3.1]lactone acetal (cf. Scheme 15 and
refs. [41], [42]).
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Scheme 15. d- and l-Configured glycosyl donors from 8-oxabicy-
clo[3.2.1]oct-6-en-3-ones. i) (ÿ)-Ipc2BH; oxidation; ii) (�)-Ipc2BH; oxida-
tion; iii) LDA, TES-Cl/NEt3 (in situ quench), THF, ÿ78 8C, 1 h; iv) mCP-
BA; v(1) and v(2): ozonolysis, NaBH4.


Scheme 17. C-Terminus differentiation and C-terminus excision in seven-
carbon d-l configured glycosyl donors. For simplicity the stereochemistry
at C3, C4, C5 and all protecting groups are omitted. In the most simple case
CH2X �̂CH2Y�CH2OH. C-Terminus differentiation may be simpler for
other combinations of end groups, e.g. CH2OH and CO2H/CO2R/CN/
CONH2/CHO (see also Schemes 15, 16).
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(1R,2R,5R)-2-Hydroxy-8-oxabicyclo-
[3.2.1]oct-6-en-3-one [(ÿ)-11 b]:
mCPBA (70 %) (5.50 g, 37.7 mmol)
was added at 0 8C to a solution of


(�)-11 a (5.19 g, 22.0 mmol) in THF/H2O (1:1, 66 mL). The mixture was
stirred vigorously for 10 min, allowed to warm to RT and kept stirring for
2.5 h. After cooling to 0 8C trifluoroacetic acid (1.7 mL, 22 mmol) was
added. After complete reaction the resulting mixture was quenched by
adding sat. NaHCO3 solution and neutralized. The aqueous layer was
saturated with solid NaCl and was extracted (EA). The combined organic
layers were dried (Na2SO4) and the solvent was removed under reduced
pressure. Flash chromatography (CH/EA) provided (ÿ)-11 b (2.6 g, 83%)
as a white solid. [a]20


D �ÿ93.2 (c� 1, CHCl3); m.p. 46 ± 48 8C; 1H NMR
(CDCl3): d� 6.40 (ddd, J� 6.3, 1.8, 0.7 Hz, 1H; H-6), 6.21 (dd, J� 6.1,
1.8 Hz, 1H; H-7), 5.03 (m, 1H; H-5), 4.94 (s, 1H; H-1), 3.70 (s, 1 H; H-2),
3.05 (dd, J� 16.6, 5.0 Hz, 1H; H-4ax), 2.32 (d, J� 16.4 Hz, 1H; H-4eq);
13C NMR (CDCl3): d� 204.87 (Cq, C-3), 137 (CH, C-6), 133.56 (CH, C-7),
82.30 (CH, C-1), 77.32 (CH, C-5), 75.32 (CH, C-2), 44.47 (CH2, C-4); IR
(CHCl3): nÄ � 3556, 3040, 2968, 1728, 1376, 1332, 1228, 1032, 976, 844 cmÿ1;
MS: m/z (%): 140 (50) [M]� , 122 (5), 111 (6), 98 (27), 97 (37), 81 (100).


(1R,2R,5R)-2-(tert-Butyldimethylsila-
nyloxy)-8-oxabicyclo[3.2.1]oct-6-en-3-
one [(ÿ)-11 c]: Imidazole (1.21 g,
17.9 mmol) was added at 0 8C to a


solution of (ÿ)-11 b (1.67 g, 11.9 mmol) in CH2Cl2 (25 mL) followed by
TBS-Cl (2.16 g, 14.3 mmol). After being stirred for 30 min at 0 8C the
mixture was allowed to warm to RT and stirring was continued overnight.
The reaction mixture was poured into a mixture of H2O and E and was
extracted with E. The combined organic layers were dried (MgSO4) and the
solvent was removed. Flash chromatography (CH/EA) gave (ÿ)-11 c
(3.02 g, 99%) as a colourless oil. [a]20


D �ÿ36.3 (c� 1, CHCl3); 1H NMR
(CDCl3): d� 6.37 (dd, J� 6.2, 1.8 Hz, 1 H; H-6), 6.14 (dd, J� 6.0, 1.8 Hz,
1H; H-7), 4.97 (br d, J� 4.9 Hz, 1H; H-5), 4.78 (br s, 1H; H-1), 3.64 (s, 1H;
H-2), 3.03 (dd, J� 15.9, 4.8 Hz, 1 H; H-4), 2.25 (d, J� 15.9 Hz, 1 H; H-4eq),
0.89 (s, 9 H; SiC(CH3)3), 0.12 (s, 3 H; SiCH3), 0.05 (s, 3H; SiCH3);
13C NMR(CDCl3): d� 203.96 (Cq, C-3), 136.93 (CH, C-6), 129.52 (CH,C-7),
83.04 (CH, C-1), 77.22 (CH, C-5), 75.69 (CH,C-2), 45.00 (CH2, C-4), 25.62
(CH3, SiC(CH3)3), 18.21 (Cq, SiC(CH3)3), ÿ4.86 (CH3, SiCH3), ÿ5.01
(CH3, SiCH3); IR (neat): nÄ � 2956, 2928, 2888, 2856, 1724, 1472, 1404, 1360,
1332, 1252, 1180, 1136, 1100, 1060, 1008, 988, 940, 916, 856, 836, 780 cmÿ1;
MS: m/z (%): 254 (5) [M]� , 197 (4), 171 (4), 147 (7), 129 (100), 101 (3), 81
(4), 73 (15); HRMS: calcd for C13H22O3Si: 254.1338, found: 254.1338.


(1R,2R,5S)-2-(tert-Butyldimethylsila-
nyloxy)-3-triethylsilanyloxy-8-oxabi-
cyclo[3.2.1]octa-3,6-diene [(ÿ)-11 d]:
nBuLi (12.24 mL, 19.58 mmol, 1.6m


in hexane) was added at ÿ78 8C to a solution of diisoproylamine
(2.71 mL, 19.3 mmol) in THF (20 mL). The reaction mixture was stirred
at RT for 20 min. A previously prepared mixture of triethylamine (4.99 mL,
35.8 mmol) and TES-Cl (3.81 mL, 22.7 mmol) was added slowly followed
by a solution of (ÿ)-11c (3.50 g, 13.8 mmol) in THF (21 mL). After 10 min
the reaction was quenched by addition of sat. NH4Cl solution at ÿ78 8C.
After being warmed to RT the mixture was extracted (EA) and the
combined organic layers were washed with brine, dried (MgSO4) and the
solvent was removed. Flash chromatography (CH/EA) provided (ÿ)-11d
(4.78 g, 94%)as a colourless oil. 1H NMR (CDCl3): d� 6.68 (dd, J� 5.9,
1.1 Hz, 1H; H-6), 6.03 (dd, J� 5.9, 2.0 Hz, 1 H; H-7), 5.27 (d, J� 4.8 Hz,
1H; H-4), 4.81 (dd, J� 4.6, 1.8 Hz, 1H; H-5), 4.74 (d, J� 2.0 Hz,1 H; H-1),
3.52 (s, 1 H; H-2), 0.94 (t, J� 7.8 Hz, 9 H; Si(CH2CH3)3), 0.93 (s, 9H;
SiC(CH3)3), 0.69 (q, J� 7.8 Hz, 6H; Si(CH2CH3)3), 0.13 (s, 3H; SiCH3), 0.12
(s, 3 H; SiCH3); 13C NMR (CDCl3): d� 147.67 (Cq, C-3), 143.09 (CH, C-7),
125.98 (CH, C-6), 108.63 (CH, C-4), 84.93 (CH, C-5), 75.47 (CH, C-1), 69.74
(CH, C-2), 25.90 (CH3, SiC(CH3)3), 18.34 (Cq, SiC(CH3)3), 6.55 (CH3,
Si(CH2CH3)3), 4.86 (CH2, Si(CH2CH3)3), ÿ4.29 (CH3, SiCH3), ÿ4.90
(CH3, SiCH3); IR (neat): nÄ � 2956, 2936, 2876, 2856, 1636, 1460, 1412, 1360,
1316, 1248, 1212, 1108, 1060, 1004, 984, 960, 944, 916, 876, 860, 836,
744 cmÿ1; MS: m/z (%): 368 (30) [M]� , 339 (14), 311 (35), 253 (6), 243 (29),
207 (6), 189 (17), 179 (24), 161 (23), 151 (17), 133 (9), 115 (93), 105 (9), 87
(100), 73 (73).


(1R,2R,4S,5S)-2-(tert-Butyldimethylsilanyloxy)-4-hydroxy-8-oxabicyclo-
[3.2.1]oct-6-en-3-one [(�)-13] and


(1R,2R,4S,5S)-2-(tert-butyldimethyl-
silanyloxy)-4-triethylsilanyloxy-8-oxa-
bicyclo[3.2.1]oct-6-en-3-one [(ÿ)-14]:
mCPBA (70 %) (274 mg, 1.10 mmol)
was added at 0 8C to a solution of (ÿ)-
11 d (368 g, 1.00 mmol) in THF/H2O
(1:1, 3 mL). After being stirred vigo-
rously for 10 min the mixture was
allowed to reach RT and kept stirring


for a further 6 h. After the reaction was completed, the resulting mixture
was quenched by adding sat. K2CO3 solution. After washing with sat.
K2CO3 solution the organic layer was extracted (EA), dried (Na2SO4) and
then the solvent was removed under reduced pressure. Flash chromatog-
raphy (CH/EA) provided (ÿ)-14 (116 mg, 30 %) as a white solid and (�)-13
(184 mg, 68%) as the polar product (for the X-ray crystal structure see
ref. [34]). The product distribution can vary slightly. Alternatively (�)-13
was prepared by deprotection of (ÿ)-14 : Trifluoroacetic acid (0.12 mL,
1.6 mmol) was added at 0 8C to a solution of (ÿ)-14 (306 mg, 0.800 mmol) in
THF (7 mL) and H2O (1.4 mL). After stirring for 1 h at 0 8C the ice bath
was removed. The reaction was stirred at RT for 2 h. The reaction was
quenched by addition of a sat. NaHCO3 solution. After neutralization
(NaHCO3) the aqueous layer was extracted (EA). The combined organic
layers were dried (MgSO4) and the solvent was removed. Flash chroma-
tography (CH/EA) provided (�)-13 (168 mg, 78 %) as a colourless solid.
M.p. 48 ± 50 8C; [a]20


D ��24.4 (c� 1, CHCl3); 1H NMR (CDCl3): d� 6.05
(ddd, J� 6.2, 1.9, 0.6 Hz, 1 H; H-6), 6.00 (ddd, J� 6.2, 1.8, 0.6 Hz, 1 H; H-7),
4.64 (m, 1H; H-5), 4.54 (m, 1 H; H-1), 3.54 (m, 1 H; H-2), 3.50 (m, 1H;
H-4), 1.15 (s, 1 H; OH), 0.64 (s, 9H; SiC(CH3)3), ÿ0.14 (s, 3H; SiCH3),
ÿ0.16 (s, 3 H; SiCH3); 13C NMR (CDCl3): d� 202.53 (Cq, C-3), 132.77 (CH,
C-6), 132.13 (CH, C-7), 83.74 (CH, C-1), 83.03 (CH, C-5), 77.34 (CH, C-2),
77.23 (CH, C-4), 25.59 (CH3, SiC(CH3)3), 18.13 (Cq, SiC(CH3)3), ÿ4.95
(CH3, SiCH3), ÿ5.24 (CH3, SiCH3); IR (KBr): nÄ � 3404, 2956, 2924, 2908,
2852, 1728, 1468, 1408, 1356, 1340, 1320, 1260, 1164, 1096, 1044, 1004, 952,
864, 836, 812, 780, 744, 708 cmÿ1; MS (80 8C): m/z (%): 213 (2) [MÿC4H9]� ,
195 (10), 177 (7), 158 (34), 156 (100), 145 (92), 139 (70), 111 (31), 75 (44).


Alternatively (ÿ)-14 was prepared by protection of (�)-13 : TES-Cl
(2.00 mL, 11.9 mmol) was added at 0 8C to a solution of imidazole
(820 mg, 11.9 mmol) in CH2Cl2 (10 mL). The mixture was stirred for
10 min, then (�)-13 (2.14 g 7.95 mmol) was added. After being stirred for
30 min at 0 8C the mixture was allowed to reach RT and stirring was
continued for 2 h. At this point another portion of TES-Cl (0.5 mL,
3 mmol) was added. After being stirred for 1 h the reaction mixture was
quenched by addition of sat. NH4Cl solution and extracted (EA). The
combined organic layers were dried (MgSO4) and the solvent was removed.
Flash chromatography (CH/EA) gave (ÿ)-14 (2.63 g, 87%) as a colourless
solid. M.p. 34 ± 35 8C; [a]20


D �ÿ1.8 (c� 1, CHCl3); 1H NMR (CDCl3): d�
6.24 (s, 2 H; H-6, H-7), 4.79 (m, 2H; H-1, H-5), 3.65 (t, J� 0.9 Hz, 1H; H-2),
3.63 (t, J� 0.9 Hz, 1 H; H-4), 0.94 (t, J� , 9H; Si(CH2CH3)3), 0.90 (s, 9H;
SiC(CH3)3), 0.64 (m, 6 H; Si(CH2CH3)3), 0.12 (s, 3H; SiCH3), 0.08 (s, 3H;
SiCH3); 13C NMR (CDCl3): d� 208.83 (Cq, C-3), 132.62 (CH, C-6), 132.59
(CH, C-7), 83.42 (CH, C-5), 83.36 (CH, C-1), 75.92 (CH, C-4), 75.71 (CH,
C-2), 25.79 (CH3, SiC(CH3)3), 18.36 (Cq, SiC(CH3)3), 6.65 (CH3,
Si(CH2CH3)3), 4.60 (CH2, Si(CH2CH3)3), ÿ4.71 (CH3, SiCH3), ÿ5.09
(CH3, SiCH3); IR (neat): nÄ � 2956, 2912, 2876, 1728, 1460, 1412, 1252, 1124,
1104, 1068, 1016, 956, 836, 780, 740 cmÿ1; MS: m/z (%): 327 (5) [Mÿ
C4H9]� , 301 (6), 287 (88), 259 (100), 223 (12), 195 (11), 173 (5), 139 (9),
103 (24), 87 (28), 73 (42).


(1R,2S,3R,4R,5S)-2-(tert-Butyldimeth-
ylsilanyloxy)-8-oxabicyclo[3.2.1]oct-6-
en-3,4-diol [(ÿ)-17]: A solution of
(�)-13 (540 mg, 2.0 mmol) in THF
(5 mL) was added at 0 8C to a solution


of NaBH(OAc)3 (800 mg, 4.0 mmol) in THF (5 mL) and acetic acid
(10 mL). After stirring for 2 h at 0 8C NaBH(OAc)3 (400 mg, 2.0 mmol) was
added. The reaction mixture was stirred for another hour and then
quenched by addition of sat. NaHCO3 solution. After neutralization (solid
NaCO3) the mixture was extracted (EA) and the combined organic layers
were dried (Na2SO4). Removal of the solvent and flash chromatography
(CH/EA) provided (ÿ)-17 (480 mg, 87 %) as a white solid. M.p. 102 8C;
[a]20


D �ÿ0.2 (c� 1, CHCl3); 1H NMR (CDCl3): d� 6.38 (dd, J� 6.3, 1.9 Hz,
1H; H-6), 6.33 (dd, J� 6.2, 1.8 Hz, 1H; H-7), 4.73 (m, 1H; H-5), 4.62 (m,
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1H; H-1), 3.75 (m, 1 H; H-3), 3.49 (m, 1H; H-2), 3.43 (m, 1 H; H-4), 1.99
(br s, 1 H; 4-OH), 1.89 (d, J� 9.3 Hz, 1H; 3-OH), 0.91 (s, 9H; SiC(CH3)3),
0.11 (s, 6H; Si(CH3)2); 13C NMR (CDCl3): d� 132.62 (CH, C-6), 132.19
(CH, C-7), 82.92 (CH, C-1), 82.15 (CH, C-5), 77 (CH, C-3), 71.05 (CH, C-2),
70.75 (CH, C-4), 25.71 (CH3, SiC(CH3)3), 18.00 (Cq, SiC(-CH3)3), ÿ4.95
(CH3, SiCH3); IR (CHCl3): nÄ � 3592, 3548, 3000, 2956, 2932, 2884, 2856,
1472, 1388, 1360, 1320, 1300, 1260, 1092, 1040, 988, 940; FAB-MS: m/z (%):
273 (54) [M�H]� , 259 (12), 215 (20), 187 (9), 176 (8), 167 (9), 154 (18), 136
(23), 129 (22); MS (160 8C): m/z (%): 215 (26) [MÿC4H9]� , 197 (16), 179
(6), 171 (17), 169 (28), 167 (32), 147 (26), 129 (87), 123 (26), 117 (25), 105
(6), 95 (19), 81 (95), 75 (100); HRMS: calcd for C9H15O4Si: 215.0740, found:
215.0741.


2b-(tert-Butyldimethylsilanyloxy)-4b-
triethylsilanyloxy-8-oxabicyclo[3.2.1]-
oct-6-en-3b-ol [rac-14a]: A solution of
rac-14 (1.76 g, 4.50 mmol) in MeOH


(5 mL) was added at 0 8C to a suspension of MgBr2 (1.65 g, 9.00 mmol) in
MeOH (20 mL). NaBH4 was added in small portions until the reaction was
complete. After stirring for 1 h the reaction was quenched by addition of
sat. NH4Cl solution. After extraction (EA) the combined organic layers
were dried (Na2SO4) and the solvent was removed. Flash chromatography
(CH/EA) provided rac-14 a (1.73 g, >99%) as a colourless oil. 1H NMR
(CDCl3): d� 6.23 (s, 2 H; H-6, H-7), 4.66 (m, 1H; H-1), 4.64 (m, 1 H; H-5),
3.83 (dt, J� 12.3, 5.0 Hz, 1 H; H-3), 3.69 (m, 2H; H-2, H-4), 2.70 (d, J�
12.3 Hz, 1H; OH), 0.99 (t, J� 7.9 Hz, 9H; Si(CH2CH3)3), 0.93 (s, 9H;
SiC(CH3)3), 0.65 (q, J� 8.2 Hz, 6H; Si(CH2CH3)3), 0.10 (s, 3H; SiCH3),
0.09 (s, 3 H; SiCH3); 13C NMR (CDCl3): d� 132.51 (CH, C-6), 132. 47 (CH,
C-7), 82.69 (CH, C-1), 82.61 (CH, C-5), 68.19 (CH, C-2), 68.01 (CH, C-4),
64.45 (CH, C-3), 25.83 (CH3, SiC(CH3)3), 18.21 (Cq, SiC(CH3)3), 6.81 (CH3,
Si(CH2CH3)3), 4.92 (CH2, Si(CH2CH3)3), ÿ4.58 (CH3, SiCH3), ÿ4.80
(CH3, SiCH3); IR (neat): nÄ � 3556, 3080, 2952, 2876, 1460, 1412, 1360, 1312,
1288, 1252, 1132, 1076, 1040, 1004, 972, 944, 892, 860, 836, 776, 740,
708 cmÿ1; MS: m/z (%): 329 (34) [MÿC4H9]� , 301 (4), 261 (9), 237 (8), 211
(18), 197 (13), 169 (6), 157 (9), 129 (30), 116 (16), 81 (100), 73 (27); HRMS:
calcd for C19H38O4Si2: 386.2309, found: 386.2313.


2-(tert-Butyldimethylsilanyloxy)-8-oxa-
bicyclo[3.2.1]oct-6-en-3,4-diol (rac-
18): Trifluoroacetic acid (0.23 mL,
3.00 mmol) was added slowly at 0 8C


to a stirred solution of rac-14 a (580 mg, 1.50 mmol) in THF(13 mL) and
H2O (2.5 mL). After 10 min at 0 8C the ice bath was removed and the
reaction mixture was stirred for 2.5 h. Addition of NaHCO3 terminated the
reaction. The organic layer was neutralized with NaHCO3, extracted (EA)
and dried (MgSO4). After removing the solvent flash chromatography
provided rac-18 (312 mg, 77%) as a colourless oil. 1H NMR (CDCl3): d�
6.26 (dd, J� 6.3, 1.6 Hz, 1H; H-6), 6.23 (dd, J� 6.3, 1.8 Hz, 1 H; H-7), 4.77
(t, J� 1.9 Hz, 1H; H-5), 4.63 (t, J� 1.9 Hz, 1 H; H-1), 3.83 (m, 1H; H-3),
3.76 (m, 1H; H-2), 3.59 (br s, 1 H; H-4), 0.93 (s, 9H; SiC(CH3)3), 0.12 (s, 6H;
Si(CH3)2); 13C NMR (CDCl3): d� 132.30 (CH, C-6), 131.65 (CH, C-7),
82.42 (CH, C-1), 82.21 (CH, C-5), 69.08 (CH, C-3), 68.53 (CH, C-2), 64.57
(CH, C-4), 25.74 (CH3, SiC(CH3)3), 18.00 (Cq, SiC(CH3)3), ÿ4.79 (CH3,
SiCH3), ÿ4.84 (CH3, SiCH3); IR (CHCl3): nÄ � 3671, 3530, 2999, 2956,
2931, 2885, 2858, 1617, 1471, 1464, 1416, 1362, 1319, 1304, 1258, 1234, 1126,
1113, 1093, 1067, 1002, 986, 955, 939, 865, 850 cmÿ1; MS: m/z (%): 215 (14)
[MÿC4H9]� , 197 (8), 169 (8), 151 (8), 129 (53), 117 (14), 103 (7), 81 (100),
75 (66).


(2R,3S,4R,5R,6S)-3-(tert-Butyldimethylsilanyloxy)-2,6-bis-hydroxymeth-
yl-4,5-bis-hydroxy-tetrahydropyran [(�)-17 a]: Oxabicycle (ÿ)-17 (470 mg,
1.68 mmol) was dissolved in CH2Cl2 (15 mL) and MeOH (2 mL) and the
mixture was cooled to ÿ78 8C. Ozone (100 L per h) was bubbled through
the reaction flask. When a slight blue colour persisted the ozone was
removed by a slight oxygen stream at ÿ78 8C. NaBH4 (166 mg, 4.36 mmol)
was added at ÿ78 8C before the cooling bath was removed and the
temperature was allowed to reach RT. Stirring was continued for 30 min at
RT, and the reaction was quenched by adding 10% citric acid. The mixture


was worked up by extraction (EA). The combined organic layers were
dried (MgSO4). Removal of the solvent under reduced pressure and
purification (CH/EA) afforded (�)-17a (513 mg, 99%) as a white solid.
M.p. 45 8C; [a]20


D ��13.9 (c� 1, CHCl3). NMR signals were assigned by 2D
techniques: 1H NMR (CD3OD): d� 3.76 (m, 1H; H-2), 3.73 (m, 1H; H-6),
3.50 (dd, J� 11.5, 6.2 Hz, 1 H; H-7a), 3.47 (dd, J� 11.3, 6.4 Hz, 1 H; H-7b),
3.25 (m, 1H; H- H-8a), 3.20 (qt, J� 1.6 Hz, 1H; H-4), 3.14 (m, 2 H; H-5,
H-3), 3.07 (dd, J� 9.4, 8.6 Hz, 1H; H-8b), 0.79 (s, 9 H; SiC(CH3)3), 0.05 (s,
3H; SiCH3), 0.00 (s, 3H; SiCH3); 13C NMR (CD3OD): d� 81.02 (CH, C-2),
80.40 (CH, C-6), 78.00 (CH, C-4), 72.13 (CH, C-3), 71.15 (CH, C-5), 62.30
(CH, C-7), 62.29 (CH, C-8), 25.55 (CH3, SiC(CH3)3), 18.13 (Cq, SiC(CH3)3),
ÿ4.34 (CH3, SiCH3), ÿ5.79 (CH3, SiCH3); IR (KBr): nÄ � 3384, 2952, 2928,
2884, 2856, 1472, 1408, 1388, 1360, 1252, 1188, 1132, 1096, 1044, 988, 936,
856, 836, 780 cmÿ1; MS (150 8C): m/z (%): 251 (1) [MÿC4H9]� , 233 (2), 215
(27), 185 (5), 173 (8), 159 (18), 147 (30), 143 (18), 129 (23), 117 (69), 99 (26),
85 (4), 75 (100); HRMS: calcd for C9H19O6Si: 251.0950, found: 251.0950.


3a-(tert-Butyldimethylsilanyloxy)-2b,6b-bis-hydroxymethyl-4a,5a-bis-hy-
droxy-tetrahydropyran (rac-18 a): Oxabicycle rac-18 (240 mg, 0.90 mmol)
in CH2Cl2 (14 mL) and MeOH (2 mL) was allowed to react as described
above to afford rac-18a (271 mg, 98 %) after purification (CH/EA) as a
white solid. M.p. 46 8C. NMR signals were assigned by 2D techniques:
1H NMR (CD3OD): d� 3.92 (t, J� 2.5 Hz, 1 H; H-4), 3.74 (m, 1 H; H-7a),
3.70 (dd, J� 11.4, 1.9 Hz, 1H; H-8a), 3.58 ± 3.48 (m, 4H, H-2, H-6, H-5,
H-7b), 3.46 (dd, J� 11.2, 5.5 Hz, 1 H; H-8b), 3.32 (dd, J� 9.4, 2.6 Hz, 1H;
H-3), 0.84 (s, 9 H; SiC(CH3)3), 0.05 (s, 3 H; SiCH3), 0.03 (s, 3H; SiCH3);
13C NMR (CD3OD): d� 76.86 (CH, C-6), 76.71 (CH, C-2), 73.29 (CH, C-4),
70.86 (CH, C-5), 69.31 (CH, C-3), 63.70 (CH2, C-8), 63.55 (CH2, C-7), 26.62
(CH3, SiC(CH3)3), 19.21 (Cq, SiC(CH3)3), ÿ3.82 (CH3, SiCH3), ÿ4.47
(CH3, SiCH3); IR (ATR): nÄ � 3365, 2929, 2885, 2857, 1463, 1410, 1360, 1336,
1252, 1092, 1041, 963, 939, 776 cmÿ1; MS (190 8C): m/z (%): 251 (5) [Mÿ
C4H9]� , 233 (2), 215 (9), 197 (8), 171 (10), 159 (13), 147 (37), 123 (9), 117
(64), 111 (15), 75 (100); HRMS: cald for C9H19O6Si: 251.0950, found:
251.0951.


(2R,3S,4R,5R,6S)-(3-(tert-Butyldimethylsilanyloxy)-4-hydroxy-2-hydroxy-
methyl-(5,6-methyl)-O-benzylidene-tetrahydropyran [(�)-25]: Benzalde-
hyde dimethylacetal (50.0 ml, 0.325 mmol) was added at 0 8C to a solution of
(�)-17 a (98 mg, 0.31 mmol) in CH2Cl2 (2 mL). After addition of a catalytic
amount of pyridinium toluene-4-sulfonate the reaction mixture was stirred
for 48 h at RT. The reaction mixture was poured into sat. NaHCO3 solution
and the aqueous layer was extracted (CH2Cl2) and dried (MgSO4). After
removal of the solvent flash chromatography (CH!CH/EA) afforded
(�)-25 (78 mg, 64%) as a colourless solid. M.p. 97 8C; [a]20


D ��11.3 (c� 1,
CHCl3). NMR signals were assigned by 2D techniques: 1H NMR
(CD3OD): d� 7.48 (m, 2 H; Ar-H), 7.37 (m, 3 H; Ar-H), 5.51 (s, 1H;
OCH(Ph)O), 4.34 (dd, J� 10.3, 4.4 Hz, 1H; H-8a), 3.88 (dd, J� 11.8, 2.6 Hz
1H; H-7a), 3.72 (m, 1 H; H-4), 3.70 (m, 1H; H-7b), 3.68 (m, 1 H; H-8b), 3.63
(m, 1 H; H-5), 3.48 (dt, J� 9.5, 4.8 Hz, H-2), 3.42 (m, 2 H; H-6, H-3), 0.89 (s,
9H; SiC(CH3)3), 0.16 (s, 3 H; SiCH3), 0.13 (s, 3 H; SiCH3); 13C NMR
(CDCl3): d� 137.07 (Cq, Ar-C), 129.23 (CH, Ar-C), 128.33 (CH, Ar-C), 126
(CH,Ar-C), 101.80 (CH, OCH(Ph)O), 81.16 (CH, C-3), 80.95 (CH, C-6),
75.42 (CH, C-4), 71.62 (CH, C-5), 70.00 (CH, C-2), 68.80 (CH2, C-8), 62.14
(CH2, C-7), 25.90 (CH3, SiC(CH3)3), 18.24 (Cq, SiC(CH3)3), ÿ3.91 (CH3,
SiCH3), ÿ4.98 (CH3, SiCH3); IR (CHCl3): nÄ � 3602, 3478, 2957, 2931, 2886,
2858, 1725, 1603, 1471, 1463, 1406, 1387, 1362, 1333, 1315, 1255, 1181, 1099,
1061, 1028, 1008, 988, 976, 916, 872, 855, 839 cmÿ1; MS (140 8C): m/z (%):
396 (1) [M]� , 339 (11), 288 (1), 257 (1), 233 (10), 215 (47), 197 (2), 171 (6),
147 (33), 129 (11), 122 (12), 117 (26), 103 (65), 91 (6), 75 (100).
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3a-(tert-Butyldimethylsilanyloxy)-4a-hydroxy-2b-hydroxymethyl-(5a,6b-
methyl)-O-benzylidene-tetrahydropyran (rac-26): Benzaldehyde dimethyl-
acetal (0.09 mL, 0.6 mmol) was added at 0 8C to a solution of rac-18a
(146 mg, 0.05 mmol) in acetonitrile (1.5 mL). After addition of a catalytic
amount of p-toluenesulfonic acid the reaction mixture was stirred for 6 h at
65 8C. Another portion of benzaldehyde dimethylacetal (0.05 mL,
0.3 mmol) was added and stirring continued for 12 h at RT. The reaction
mixture was worked up by dilution with EA and then a sat. K2CO3 solution
was added. After stirring for 1 h the organic layer was washed with K2CO3


and dried (MgSO4). Removal of the solvent and flash chromatography
(CH!CH/EA) afforded rac-26 (69 mg, 36%) as a colourless solid. M.p.
106 8C. NMR signals were assigned by 2D techniques: 1H NMR (CD3OD):
d� 7.39 (m, 2H, Ar-H), 7.22 (m, 3 H, Ar-H), 5.48 (s, 1 H; OCH(Ph)O), 4.18
(dd, J� 10.2, 5.3 Hz, 1H; H-7a), 4.09 (t, J� 2.5 Hz, 1 H; H-4), 3.81 (m, 1H;
H-5), 3.7 (dd, J� 11.4, 2.0 Hz, 1 H; H-8a), 3.68 (m, 1H, H-2), 3.59 (m, 2H;
H-7b, H-3), 3.48 (dd, J� 11.4, 5.1 Hz, 1H; H-8b), 3.45 (m, 1H; H-6), 0.83 (s,
9H; SiC(CH3)3), 0.05 (s, 3 H; SiCH3), 0.03 (s, 3 H; SiCH3); 13C NMR
(CD3OD): d� 139.55 (CH, Ar-C), 130.14 (Cq, Ar-C), 129.29 (CH, Ar-C),
127.83 (CH, Ar-C), 103.25 (CH, OCH(Ph)O), 80.94 (CH, C-6), 78.24 (CH,
C-3), 70.76 (CH, C-4), 70.62 (CH2, C-7), 70.54 (CH, C-2), 66.78 (CH, C-5),
62.94 (CH2, C-8), 26.63 (CH3, SiC(CH3)3), 19.23 (Cq, SiC(CH3)3), ÿ3.76
(CH3, SiCH3), ÿ4.46 (CH3, SiCH3); IR (ATR): nÄ � 3468, 2929, 2857, 1462,
1388, 1252, 1091, 1038, 1005, 918, 868, 838, 779, 700, 672 cmÿ1; MS (140 8C):
m/z (%): 396 (2) [M]� , 370 (3), 340 (79), 292 (1), 264 (3), 231 (16), 197 (51),
171 (69), 143 (66), 117 (84), 91 (83), 75 (100); HRMS: calcd for C20H32O6Si:
396.68, found: 396.69.


(2b-(tert-Butyldimethylsilanyloxy)-
4b-triethylsilanyloxy-8-oxa-bicyclo-
[3.2.1]oct-6-en-3b-yl) benzoate (rac-
14 b): Benzoyl chloride (44 ml,


0.42 mmol) was added at 0 8C to a solution of equatorial alcohol rac-14a
(110 mg, 0.28 mmol) in acetonitrile (1.4 mL) (Schemes 9, 10). After
addition of a catalytic amount of DMAP the reaction mixture was stirred
for 12 h at RT and then poured into a mixture of EA and NH4Cl. The
organic layer was washed with brine and dried (MgSO4). After removal of
the solvent purification by flash chromatography (EA/CH) afforded rac-
14b (116 mg, 86%) as a colourless oil. [a]20


D �ÿ2.7 (c� 1, CHCl3); 1H NMR
(CDCl3): d� 8.13 (m, 2H; o-Bz-H), 7.67 (m, 1H; p-Bz-H), 7.43 (m, 2H; m-
Bz-H), 6.35 (s, 2H; H-6, H-7), 5.36 (t, J� 4.8 Hz; 1 H; H-3), 4.68 (m, 2H;
H-1, H-5), 4.01 (m, 2H; H-2, H-4), 0.93 (t, J� 7.7 Hz, 9H; Si(CH2CH3)3),
0.92 (s, 9 H; SiC(CH3)3), 0.60 (q, J� 7.8 Hz, 6H; Si(CH2CH3)3; 0.02 (s, 3H;
SiCH3),ÿ0.07 (s, 3 H; SiCH3); 13C NMR (CDCl3): d� 166 (Cq, C�O), 135.0
(CH, C-6), 133.08 (CH, C-7), 132.94 (CH, p-Bz-C), 130.55 (CH, o-Bz-C),
128.88 (Cq, Bz-C), 128.86 (CH, m-Bz-C), 83.56 (CH, C-1), 83.43 (CH, C-5),
68.99 (CH, C-3), 66.61 (CH, C-4), 66.49 (CH, C-2), 25.78 (CH3, SiC(CH3)3),
18.07 (Cq, SiCH3), 6.83 (CH3, Si(CH2CH3)3), 4.98 (CH2, Si(CH2CH3)3),
ÿ4.68 (CH3, SiCH3), ÿ4.84 (CH3, SiCH3); IR (CHCl3): nÄ � 2958, 2936,
2911, 2877, 1796, 1711, 1601, 1452, 1366, 1343, 1315, 1281, 1240, 1174, 1148,
1113, 1070, 1040, 1014, 999, 864, 837, 810 cmÿ1; MS (60 8C): m/z (%): 433 (1)
[MÿC4H9]� , 226 (4), 198 (3), 179 (2), 129 (1), 105 (100), 86 (24), 78 (21).


(2b-(tert-Butyldimethylsilanyloxy)-
4b-hydroxy-8-oxa-bicyclo[3.2.1]oct-6-
en-3b-yl) benzoate (rac-23): Trifluoro-
acetic acid (0.28 mL, 3.8 mmol) was
added slowly at 0 8C to a stirred


solution of rac-14b (921 mg, 1.90 mmol) in THF (22 mL) and H2O
(3.8 mL). After 10 min the ice bath was removed and the reaction mixture
was stirred for 1.5 h at RT. By adding NaHCO3 the reaction was terminated
and the organic layer was neutralized (Na2CO3). The combined organic
layers were extracted (EA) and dried (MgSO4). Removal of the solvent and
flash chromatography provided rac-23 (638 mg, 89%) as a white solid. M.p.
87 8C; 1H NMR (CDCl3): d� 8.12 (m, 2H; o-Bz-H), 7.56 (m, 1H; p-Bz-H),
7.43 (m, 2H; m-Bz-H), 6.39 (dd, J� 6.3, 1.8 Hz, 1H; H-7), 6.35 (dd, J� 6.3,
1.8 Hz, 1 H; H-6), 5.34 (t, J� 4.1 Hz; 1H; H-3), 4.83 (t, J� 2.0 Hz, 1H;
H-5), 4.68 (t, J� 2.0 Hz, 1 H; H-1), 4.14 (m, 1H; H-2), 3.87 (m, 1 H; H-4),
0.91 (s, 9H; SiC(CH3)3), 0.06 (s, 3 H; SiCH3), ÿ0.07 (s, 3 H; SiCH3);


13C NMR (CDCl3): d� 166.01 (Cq, C�O), 133.22 (CH,C-6), 133.13 (CH,
C-7), 132.21 (CH, p-Bz-C), 129.92 (CH, o-Bz-C), 128.28 (CH, m-Bz-C),
128.19 (Cq, Bz-C), 83.11 (CH, C-1), 82.75 (CH, C-5), 68.69 (CH, C-3), 67.49
(CH, C-2), 67.12 (CH, C-4), 25.65 (CH3, SiC(CH3)3), 17.83 (Cq, SiC(CH3)3),
ÿ4.84 (CH3, SiCH3), ÿ5.05 (CH3, SiCH3); IR (CHCl3): nÄ � 3534, 1957,
1932, 1878, 1859, 1712, 1602, 1471, 1452, 1416, 1363, 1341, 1316, 1280, 1261,
1238, 1177, 1122, 1095, 1069, 1006, 959, 858, 840, 818 cmÿ1; MS (90 8C): m/z
(%): 319 (37) [MÿC4H9]� , 221 (3), 197 (5), 179 (29), 155 (2), 129 (61), 105
(100), 82 (18), 78 (14), 74 (18).


(2b-(tert-Butyldimethylsilanyloxy)-
4b-trifluoromethanesulfonyloxy-8-oxa-
bicyclo[3.2.1]oct-6-en-3b-yl) benzoate
(rac-23a): Pyridine (2.7 mL,


27 mmol), DMAP (20 mg, 0.16 mmol) and trifluoromethanesulfonic anhy-
dride (0.275 mL, 1.65 mmol) were added at ÿ1 8C to a solution of rac-23
(412 mg, 1.10 mmol) in CH2Cl2 (8 mL). The reaction mixture was stirred for
3 h at ÿ1 8C and worked up by being poured into ice-cold 1n HCl. The
organic layer was washed with 1n HCl (3� ). The combined aqueous layer
was reextracted (CH2Cl2) and dried (MgSO4). After removal of the solvent
flash chromatography (CH!CH/EA) afforded rac-23a (445 mg, 80%) as
a colourless solid. M.p. 134 ± 136 8C (decomp); 1H NMR (CDCl3): d� 8.14
(m, 2 H; o-Bz-H), 7.59 (m, 1 H; p-Bz-H), 7.45 (m, 2H; m-Bz-H), 6.52 (dd,
J� 6.2, 1.7 Hz, 1H; H-6), 6.38 (dd, J� 6.4, 1.8 Hz, 1 H; H-7), 5.60 (t, J�
4.5 Hz; 1H; H-3), 5.04 (dd, J� 4.5, 2.1 Hz, 1 H; H-4), 4.99 (t, J� 1.9 Hz,
1H; H-5), 4.78 (t, J� 1.9 Hz, 1 H; H-1), 4.12 (dd, J� 4.5, 2.4 Hz, 1H; H-2),
0.90 (s, 9H; SiC(CH3)3), 0.04 (s, 3 H; SiCH3), ÿ0.12 (s, 3 H; SiCH3);
13C NMR (CDCl3): d� 165.51 (Cq, C�O), 135.41 (CH,C-6), 133.57 (CH,
C-7), 131.41 (CH, p-Bz-C), 130.11 (CH, o-Bz-C), 129.01 (Cq, Bz-C), 128.41
(CH, m-Bz-C), 116.90 (q, J� 318.9 Hz, CF3), 83.58 (CH, C-1), 80.72 (CH,
C-5), 79.95 (CH, C-3), 65.98 (CH, C-2), 64.87 (CH, C-4), 25.44 (CH3,
SiC(CH3)3), 17.85 (Cq, SiC(CH3)3), ÿ4.68 (CH3, SiCH3), ÿ5.13 (CH3,
SiCH3); IR (ATR): nÄ � 3084, 2962, 2928, 2882, 2855, 1726, 1578, 1587, 1493,
1457, 1401, 1338, 1273, 1250, 1202, 1176, 1145, 1109, 1068, 1013, 978, 939,
900, 870, 845, 832, 816, 783, 719, 700 cmÿ1; MS (100 8C): m/z (%): 493 (1)
[MÿCH3]� , 451 (100), 423 (1), 359 (3), 319 (3), 291 (1), 237 (2), 179 (26),
136 (12), 129 (10), 105 (82), 81 (11), 77 (11), 73 (12); HRMS: calcd for
C21H27F3O7SSi: 508.1198, found: 508.1200.


(2b-(tert-Butyldimethylsilanyloxy)-
4a-hydroxy-8-oxabicyclo[3.2.1]oct-6-
en-3b-yl) benzoate (rac-24): Tetrabu-
tylammonium nitrite (1.0 g, 3.5 mmol)


was added to a solution of triflate rac-23 a (445 mg, 0.875 mmol) in DMF.
After complete conversion the reaction was quenched by adding 1n HCl.
After 1 h the mixture was extracted (CH2Cl2) and dried (MgSO4). Removal
of the solvent and flash chromatography (CH/EA) provided rac-24
(228 mg, 76%) as a colourless solid. M.p. 144 ± 146 8C; 1H NMR (CDCl3):
d� 8.06 (m, 2 H; o-Bz-H), 7.56 (m, 1 H; p-Bz-H), 7.43 (m, 2H; m-Bz-H),
6.41 (ddd, J� 6.2, 1.6, 0.5 Hz, 1 H; H-6), 6.36 (dd, J� 6.2, 1.8 Hz, 1H; H-7),
5.08 (dd, J� 8.2, 4.8 Hz, 1 H; H-3), 4.82 (dd, J� 4.4, 1.9 Hz, 1 H; H-5), 4.66
(t, J� 1.9 Hz, 1H; H-1), 4.19 (dd, J� 8.3, 4.4 Hz, 1 H; H-4), 4.18 (dd, J� 4.8,
2.1 Hz, 1 H; H-2), 2.2 (br s, 1H; OH), 0.85 (s, 9 H; SiC(CH3)3), 0.01 (s, 3H;
SiCH3), ÿ0.13 (s, 3 H; SiCH3); 13C NMR (CDCl3): d� 166.79 (Cq, C�O),
133.20 (CH, C-6), 132.57 (CH, C-7), 131.78 (CH, p-Bz-C), 129.88 (Cq, Bz-
C), 129.80 (CH, o-Bz-C), 128.30 (CH, m-Bz-C), 83.59 (CH, C-1), 80.13
(CH, C-5), 76.36 (CH, C-3), 67.47 (CH, C-2), 66.23 (CH, C-4), 25.66 (CH3,
SiC(CH3)3), 18.00 (Cq, SiC(CH3)3), ÿ4.77 (CH3, SiCH3), ÿ4.89 (CH3,
SiCH3); IR (ATR): nÄ � 3473, 2951, 2930, 2857, 1688, 1454, 1361, 1346, 1319,
1292, 1248, 1216, 1183, 1132, 1111, 1065, 1027, 988, 909, 884, 862, 836, 808,
775, 714 cmÿ1; MS (130 8C): m/z (%): 361 (0.4) [MÿCH3]� , 319 (54), 279
(1), 239 (0.3), 221 (3), 197 (8), 179 (64), 151 (3), 129 (49), 105 (100), 77 (23),
73 (29); calcd for HRMS C20H28O5Si: 376.06, found: 376.07.


(3a-(tert-Butyldimethylsilanyloxy)-2b,6b-bis-hydroxymethyl-5b-hydroxy-
tetrahydropyran-4a-yl) benzoate (rac-24a): Compound rac-24 (228 mg,
0.600 mmol) in CH2Cl2 (5.5 mL) and MeOH (0.75 mL) were allowed to
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react as described for (�)-17a. Purification (MeOH/EA) afforded rac-24a
(115 mg, 47%) as a white solid. M.p. 129 8C. NMR signals were assigned by
2D techniques: 1H NMR (CD3OD): d� 7.94 (m, 2H; o-Bz-H), 7.50 (m, 1H;
p-Bz-H), 7.38 (m, 2H; m-Bz-H), 5.25 (t, J� 3.5 Hz, 1H; H-4), 3.99 (dd, J�
9.9, 3.1 Hz, 1 H; H-3), 3.73 (m, 4 H, H-5, H-8a, H-6, H-2), 3.65 (dd, J� 11.3,
7.7 Hz; 1H; H-7a), 3.52 (m, 2 H; H-7b, H-8b), 0.63 (s, 9 H; SiC(CH3)3),ÿ0.01
(s, 3H; SiCH3), ÿ0.02 (s, 3 H; SiCH3); 13C NMR (CD3OD): d� 167.28 (Cq,
C�O), 134.74 (CH, p-Bz-C), 131.69 (Cq, Bz-C), 130.93 (CH, o-Bz-C),
129.94 (CH, m-Bz-C), 79.25 (CH, C-2), 77.70 (CH, C-6), 74.61 (CH, C-4),
69.54 (CH, C-5), 66.60 (CH, C-3), 63.79 (CH2, C-8), 63.22 (CH2, C-7), 26.38
(CH3, SiC(CH3)3), 18.89 (Cq, SiC(CH3)3), ÿ4.06 (CH3, SiCH3), ÿ4.64
(CH3, SiCH3); IR (ATR): nÄ � 3368, 2930, 2885, 2858, 1722, 1602, 1585, 1452,
1389, 1361, 1315, 1266, 1177, 1102, 1068, 1026, 971, 939, 919, 867, 837, 777,
709 cmÿ1; MS (160 8C): m/z (%): 355 (30) [MÿC4H9]� , 337 (4), 233 (11),
215 (17), 197 (9), 179 (74), 143 (20.0), 124 (9), 105 (100), 89 (1), 75 (29).


(3a-(tert-Butyldimethylsilanyloxy)-2b-hydroxymethyl-(5b-,6b-methyl)-O-
benzylidene-tetrahydropyran-4a-yl) benzoate (rac-27): Benzaldehyde di-
methylacetal (50 ml, 0.34 mmol) was added at 0 8C to a solution of rac-24a
(115 mg, 0.280 mmol) in acetonitrile (0.5 mL). After addition of a catalytic
amount of p-toluenesulfonic acid the reaction mixture was stirred for 3 h at
65 8C. After being cooled down to RT the reaction mixture was diluted with
EA and after addition of sat. K2CO3 solution was stirred for 1 h. The
organic layer was washed with sat. K2CO3 solution and dried (MgSO4).
Removal of the solvent and flash chromatography (CH!CH/EA)
afforded rac-27 (55 mg, 39%) as a colourless solid. M.p. 54 8C. NMR
signals were assigned by 2D techniques: 1H NMR (CD3OD): d� 7.99 (m,
2H; o-Bz-H), 7.54 (m, 1 H; p-Bz-H), 7.42 (m, 4 H, m-Bz-H, o-Ph-H), 7.29
(m, 3 H; p-Ph-H, m-Ph-H), 5.57 (s, 1H; OCH(Ph)O), 5.37 (t, J� 3.4 Hz,
1H; H-4), 4.19 (m, 1H; H-5), 4.17 (dd, J� 12.6, 1.0 Hz, 1H; H-7a), 4.12 (dd,
J� 9.7, 3.3 Hz, 1H; H-3), 4.05 (dd, J� 12.6, 1.8 Hz, 1 H; H-7b), 3.85 (ddd,
J� 9.7, 5.4, 2.1 Hz, 1H; H-2), 3.79 (dd, J� 11.8, 2.1 Hz, 1 H; H-8a), 3.69 (d,
J� 1.2 Hz, 1 H; H-6), 3.61 (dd, J� 11.8, 5.4 Hz, 1 H; H-8b), 0.67 (s, 9H;
SiC(CH3)3), 0.01 (s, 3H; SiCH3), 0.00 (s, 3 H; SiCH3); 13C NMR (CD3OD):
d� 167.18 (Cq, C�O), 139.62 (Cq, Bz-C), 134.86 (CH, p-Bz-C), 131.51 (Cq,
Ph-C), 131.04 (CH, o-Bz-C), 130.35 (CH, p-Ph-C), 129.98 (CH, m-Bz-C),
129.49 (CH, o-Ph-C), 127.55 (CH, m-Ph-C), 102.41 (CH, OCH(Ph)O),
78.60 (CH, C-2), 76.44 (CH, C-5), 72.68 (CH, C-4), 70.99 (CH2, C-7), 68.75
(CH, C-6), 68.34 (CH, C-3), 63.20 (CH2, C-8), 26.40 (CH3, SiC(CH3)3),
18.91 (Cq, SiC(CH3)3), ÿ4.13 (CH3, SiCH3), ÿ4.65 (CH3, SiCH3); IR
(ATR): nÄ � 3494, 2954, 2929, 2857, 1722, 1602, 1585, 1493, 1452, 1401, 1360,
1314, 1266, 1218, 1155, 1102, 1011, 970, 937, 917, 870, 836, 778, 753, 708 cmÿ1;
MS (160 8C): m/z (%): 485 (1) [MÿCH3]� , 443 (49), 379 (2), 337 (30), 321
(8), 291 (1), 261 (2), 215 (23), 197 (10), 179 (88), 155 (5), 129 (7), 117 (12),
105 (100), 77 (16), 75 (12).


(1'S,1R,2S,5S)-2-(1'-Phenylethoxy)-3-
triethylsilanyloxy-8-oxabicyclo[3.2.1]-
octa-3,6-diene [(ÿ)-12 a]: Lithium di-
isopropylamide (1.3 equiv) [freshly


prepared from diisopropylamine (2.66 mL, 18.8 mmol) and nBuLi
(11.8 mL, 18.8 mmol, 1.6m solution in hexane)] in THF (11 mL) was added
at ÿ78 8C to a solution of bicyclic ketone (ÿ)-12 (3.53 g, 14.5 mmol) and
TES-Cl (3.88 mL, 23.1 mmol) in THF (33 mL). After complete addition
triethylamine(8.43 mL, 65.1 mmol) was added. The reaction mixture was
poured into saturated NaHCO3 solution and extracted (MTBE, 3� ). The
combined organic layers were dried (Na2SO4), concentrated and purified
by column chromatography (CH/EA/triethylamine) yielding (ÿ)-12
(4.85 g, 98%) as a colourless oil. [a]20


D �ÿ36.0 (c� 1.0, CHCl3); 1H NMR
(CDCl3): d� 7.38 ± 7.23 (m, 5H; Ar-H), 6.64 (dd, J� 6.0, 1.7 Hz, 1H; H-6),
6.04 (dd, J� 6.0, 1.9 Hz, 1H; H-7), 5.29 (d, J� 4.6 Hz, 1 H; H-4), 4.72 (q,
J� 6.5 Hz, 1 H; H-1'), 4.63 (dd, J� 4.6, 1.7 Hz, 1H; H-5), 4.55 (dd, J� 6.2,
1.9 Hz, 1H; H-1), 3.97 (d, J� 6.2 Hz, 1 H; H-2'), 1.41 (d, J� 6.5 Hz, 3H;
H-2'), 1.01 (t, J� 7.9 Hz, 9 H; Si(CH2CH3)3), 0.71 (q, J� 7.9 Hz, 6H;
Si(CH2CH3)3); 13C NMR (CDCl3): d� 149.46 (Cq, C-3), 144.39 (Cq, Ar-C),
141.03 (CH, C-7), 128.49 (CH, Ar-CH), 127.53 (CH, Ar-CH), 127.27 (CH,
C-6), 126.48 (CH, Ar-CH), 108.42 (CH, C-4), 79.95 (CH, C-5/C-1), 76.49


(CH, C-1'), 73.35 (CH, C-2), 24.06 (CH3, C-2'), 6.68 (CH3, Si(CH2CH3)3),
5.04 (CH2, Si(CH2CH3)3); IR (CHCl3): nÄ � 3064, 2960, 2912, 2876, 1636,
1492, 1452, 1412, 1352, 1312, 1280, 1240, 1224, 1088, 1052, 1008, 976, 924,
872, 848, 820 cmÿ1; MS: m/z (%): 358 (3) [M]� , 285 (2), 254 (14), 225 (12),
223 (17), 195 (6), 157 (4), 125 (1), 115 (10), 105 (100), 91 (2), 87 (17), 77 (5);
HRMS: calcd for C21H30O3Si: 358.1964, found: 358.1965.


(1'S,1R,2S,4S,5S)-4-Hydroxy-2-(1'-
phenylethoxy)-8-oxabicyclo[3.2.1]oct-
6-en-3-one [(ÿ)-12 b]: Rubottom-oxi-
dation :[25] mCPBA (70 %) (2.93 g,


17.0 mmol) was added at 0 8C to a solution of triethylsilyl enol ether (ÿ)-
12a (5.28 g, 15.5 mmol) in THF/H2O (1:1, 45.5 mL). After 1 h at 0 8C the
reaction mixture was stirred at RT for 1.5 h (TLC control), until trifluoro-
acetic acid (1.18 mL, 15.5 mmol) was added dropwise at 0 8C. The cooling
bath was removed and the reaction was stirred for a further 4 h at RT. The
mixture was washed with 2n aqueous NaOH (2� ), the combined aqueous
layers were extracted (MTBE, 5� ) and dried (Na2SO4). Concentration
under reduced pressure and purification (CH/EA) yielded (ÿ)-12 b (3.14 g,
78%) as a white crystalline solid. M.p. 84 ± 86 8C; [a]20


D �ÿ28.3 (c� 1.0,
CHCl3). NMR signals were assigned by 2D techniques: 1H NMR (CDCl3):
d� 7.42 ± 7.24 (m, 5H; Ar-H), 6.48 (ddd, J� 6.1, 1.8, 0.6 Hz, 1 H; H-7), 6.20
(dd, J� 6.1, 1.8 Hz, 1H; H-7), 4.82 (m, 1H; H-5), 4.79 (q, J� 6.4 Hz, 1H;
H-1'), 4.65 (dd, J� 5.0, 1.8 Hz, 1H; H-1), 4.25 (d, J� 5.0 Hz, 1H; H-2), 3.78
(d, J� 1.6 Hz, 1H; H-4), 2.75 (br s, 1 H; OH), 2.23 (d, J� 6.4 Hz, 3 H; H-2');
13C NMR (CDCl3): d� 204.79 (Cq, C-3), 142.98 (Cq, Ar-C), 135.12 (CH,
C-7), 130.30 (CH, C-6), 128.64 (CH, Ar-CH), 128.00 (CH, Ar-CH), 126.34
(CH, Ar-CH), 82.90 (CH, C-5), 80.80 (CH, C-2), 80.37 (CH, C-1), 79.19
(CH, C-1'), 76.01 (CH, C-4), 24.02 (CH3, C-2'), IR (CHCl3): nÄ � 3552, 3064,
2980, 2932, 2876, 1732, 1600, 1492, 1452, 1376, 1336, 1320, 1280, 1228, 1156,
1108, 1076, 1036, 984, 968, 916, 876, 860, 824 cmÿ1; MS (60 8C): m/z (%): 258
(1) [Mÿ 2H]� , 240 (1), 225 (1), 164 (1), 156 (3), 150 (6), 138 (10), 106 (13),
105 (100), 91 (4), 81 (2), 77 (6), 69 (5); HRMS: calcd for C7H8O4: 156.0422,
found: 156.04232.


(1'S,1R,2S,4S,5S)-(2-(1'-Phenyleth-
oxy)-8-oxabicyclo[3.2.1]oct-6-en-3-
one-4-yl) pivaloate [(ÿ)-15]: A mix-
ture of hydroxyketone (ÿ)-12b
(2.47 g, 9.57 mmol), DMAP (152 mg,


1.24 mmol) and triethylamine (1.75 mL, 12.5 mmol) in CH2Cl2 (40 mL) was
vigorously stirred for 10 min and pivaloyl chloride (1.41 mL) was added
dropwise at 0 8C. After an additional 10 min at 0 8C the cooling bath was
removed and the reaction mixture was stirred for 1.5 h at RT. The reaction
was terminated by pouring the mixture into sat. NaHCO3 solution. The
organic layer was washed with sat. NH4Cl solution and the combined
aqueous layers were extracted (CH2Cl2, 3� ). Finally the collected organic
layers were dried (MgSO4), evaporated in vacuo and purified (CH/EA) to
afford (ÿ)-15 (3.13 g, 95%) as a white crystalline solid. M.p. 98 ± 101 8C;
[a]20


D �ÿ31.2 (c� 1.0, CHCl3). NMR signals were assigned by 2D
techniques: 1H NMR (CDCl3): d� 7.40 ± 7.28 (m, 5H; Ar-H), 6.53 (ddd,
J� 6.1, 1.6, 0.7 Hz, 1 H; H-6), 6.24 (dd, J� 6.1, 1.8 Hz, 1 H; H-7), 4.89 (m,
1H; H-5), 4.82 (q, J� 6.5 Hz, 1 H; H-1'), 4.76 (d, J� 1.1 Hz, 1H; H-4), 4.66
(dd, J� 5.0 Hz, 1.8 Hz, 1H; H-1), 4.15 (d, J� 5.0 Hz, 1 H; H-2), 1.50 (d, J�
6.5 Hz, 3 H; H-2'), 1.17 (s, 9H; C(CH3)3); 13C NMR (CDCl3): d� 202.03
(Cq, C-3), 177.06 (Cq, C�O), 142.88 (Cq, Ar-C), 135.94 (CH, C-6), 130.49
(CH, C-7), 128.64 (CH, Ar-CH), 128.04 (CH, Ar-CH), 126.40 (CH, Ar-
CH), 81.59 (CH, C-2), 80.81 (CH, C-5), 80.24 (CH, C-1), 79.23 (CH, C-1'),
75.28 (CH, C-4), 38.85 (Cq, C(CH3)3), 26.93 (CH3, C(CH3)3), 23.89 (CH3,
C-2'); IR (ATR): nÄ � 2973, 2968, 2932, 2918, 2874, 1731, 1494, 1479, 1453,
1397, 1369, 1340, 1317, 1307, 1277, 1510, 1133, 1105, 1070, 1032, 1006, 982,
928, 896, 861, 828, 759, 736, 702 cmÿ1; MS (80 8C): m/z (%): 344 (2) [M]� ,
213 (1), 138 (25), 109 (7), 105 (100), 94 (2), 85 (9), 79 (5), 77(5); HRMS:
calcd for C20H24O5: 344.1623, found: 344.1618.


(2a-(1'-Phenylethoxy)-3a-hydroxy-8-
oxabicyclo[3.2.1]oct-6-en-4b-yl) piva-
loate (rac-19): CeIIICl3 ´ 5H2O (699 mg,
1.88 mmol) was added at ÿ55 8C to a
solution of ketone rac-15 (646 mg,


1.88 mmol) in THF/EtOH (2:1, 37.5 mL). After 10 min at ÿ55 8C NaBH4


(150 mg, 3.44 mmol) was added with vigorous stirring. The temperature
was allowed to reach ÿ25 8C within 2 h. The reaction mixture was diluted
with sat. NH4Cl solution and extracted (MTBE, 4� ). The combined
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organic layers were dried (MgSO4), the solvent was removed under
reduced pressure and the residue was purified by column chromatography
(CH/EA) giving rac-19 (584 mg, 90%) as a white solid. M.p. 77.5 8C. NMR
signals were assigned by 2D techniques: 1H NMR (CDCl3): d� 7.41 ± 7.28
(m, 5 H; Ar-H), 6.40 (ddd, J� 6.1, 1.8, 0.5 Hz, 1 H; H-7), 6.25 (dd, J� 6.1,
1.6 Hz, 1 H; H-6), 4.68 (m, 2H; H-4, H-5), 4.59 (q, J� 6.4 Hz, 1 H; H-1'),
4.36 (br d, J� 4.4 Hz, 1H; H-1), 4.00 (m, 1 H; H-3), 3.78 (dd, J� 5.9, 4.4 Hz,
1H; H-2), 2.71 (d, J� 3Hz, 1 H; OH), 1.46 (d, J� 6.4 Hz, 3 H; H-2'), 1.19 (s,
9H; C(CH3)3); 13C NMR (CDCl3): d� 178.49 (Cq, C�O), 142.72 (Cq, Ar-
C), 133.81 (CH, C-7), 132.22 (CH, C-6), 128.65 (CH, Ar-CH), 128.08 (CH,
Ar-CH), 126 (CH, Ar-CH), 80.49 (CH, C-5), 78.64 (CH, C-1), 77.06 (CH,
C-1'), 71.47 (CH, C-2), 70.35 (CH, C-4), 68.78 (CH, C-3), 38.85 (Cq,
C(CH3)3), 26.98 (CH3, C(CH3)3), 24.10 (CH3, C-2'); IR (CHCl3): nÄ � 3539,
3087, 2977, 2932, 2908, 1722, 1602, 1493, 1479, 1454, 1397, 1369, 1338, 1284,
1233, 1159, 1085, 1053, 1034, 1000, 979, 943, 900, 885, 831 cmÿ1; MS (80 8C):
m/z (%): 346 (0.4) [M]� , 244 (0.3), 226 (1), 215 (2), 181 (4), 139 (55), 112 (5),
111 (68), 106 (10), 105 (100), 103 (23), 93 (5), 85 (11), 83 (12), 81 (10), 79 (6),
77 (5), 69 (4).


(2a-(1'-Phenylethoxy)-3b-hydroxy-8-
oxabicyclo[3.2.1]oct-6-en-4b-yl) piva-
loate (rac-20): Triflate inversion :
DMAP (14 mg, 0.028 mmol) and pyr-


idine (0.95 mL) were added successively at ÿ13 8C (ice/NaCl) to a solution
of alcohol rac-19(197 mg, 0.569 mmol) in CH2Cl2 (4.75 mL). After 10 min
trifluoromethanesulfonic acid anhydride(240 mL, 1.42 mmol) was added by
syringe within 15 min. The mixture was stirred for another 50 min at
ÿ13 8C. Stirring was continued for 40 min at 0 8C to complete the reaction
(TLC control). The dark red mother liquour was used immediately for the
next step without further purification or isolation. To the crude triflate
solution was added nBu4NNO2 (903 mg, 3.13 mmol) in CH2Cl2 (1 mL)
dropwise under permanent stirring at ÿ13 8C. The mixture was allowed to
slowly reach RT and was stirred for a further 16 h (TLC control) at RT. The
mixture was worked up by dilution with CH2Cl2 (50 mL) and washed with
1n aqueous HCl (12 mL). The organic layer was separated and the aqueous
layer was extracted (CH2Cl2, 3� ). The organic layers were neutralized
(sat. NaHCO3 solution) and dried (Na2SO4). After removal of the solvent
under reduced pressure purification of the residue (CH/EA) afforded rac-
20 (311 mg, 75%) as a white solid. M.p. 93 ± 94 8C. NMR signals were
assigned by 2D techniques (additionally the X-ray structure was deter-
mined): 1H NMR (CD2Cl2): d� 7.39 ± 7.24 (m, 5H; Ar-H), 6.21 (dd, J� 6.2,
1.4 Hz, 1H; H-7), 6.18 (dd, J� 6.2, 1.6 Hz, 1H; H-6), 4.89 (dd, J� 5.3,
1.8 Hz, 1H; H-4), 4.75 (q, J� 6.5 Hz, 1 H; H-1'), 4.63 (m, 1H; H-5), 4.32
(dd, J� 4.3, 1.4 Hz, 1H; H-1), 3.95 (ddd, J� 7.8, 7.6, 5.3 Hz, 1 H; H-3), 3.42
(dd, J� 7.8, 4.3 Hz, 1 H; H-2), 1.98 (d, J� 7.6 Hz, 1H; OH), 1.43 (d, J�
6.5 Hz, 3 H; H-2'), 1.22 (s, 9 H; C(CH3)3); 13C NMR (CD2Cl2): d� 178.64
(Cq, C�O), 145.10 (Cq, Ar-C), 133.79 (CH, C-7), 130.52 (CH, C-6), 128.8.3
(CH, Ar-CH), 127.97 (CH, Ar-CH), 127 (CH, Ar-CH), 80.79 (CH, C-5),
79.46 (CH, C-1'), 79.30 (CH, C-1), 77.20 (CH, C-2), 70.91 (CH, C-3), 69.81
(CH, C-4), 39.40 (Cq, C(CH3)3, 27.31 (CH3, C(CH3)3), 24.40 (CH3, C-2'); IR
(ATR): nÄ � 3437, 2975, 2931, 2908, 1720, 1492, 1476, 1456, 1395, 1365,
1344, 1322, 1286, 1250, 1229, 1209, 1173, 1111, 1091, 1067, 1028, 992,
944, 903, 860, 830, 762, 735, 700 cmÿ1; MS (80 8C): m/z (%): 346 (1)
[M]� , 240 (1), 223 (4), 215 (2), 181 (4), 149 (1), 140 (4), 139 (55), 112 (5), 111
(65), 106 (11), 105 (100), 103 (20), 93 (4), 85 (17), 83 (11), 81 (5), 79 (7), 77
(7), 69 (4).


(3b-(tert-Butyldimethylsilanyloxy)-
2a-(1'-phenylethoxy)-8-oxabicyclo-
[3.2.1]oct-6-en-4b-yl) pivaloate [rac-
20 a]: Alcohol rac-20 (916 mg,


2.65 mmol) in DMF (1 mL) was added at 0 8C to a solution of TBS-Cl
(998 mg, 6.62 mmol) and imidazole (901 mg, 13.2 mmol) in DMF (1 mL).
The ice bath was removed and the reaction mixture was stirred for 24 h at
RT. After quenching the reaction with sat. KHSO4 solution (3 mL) the
mixture was diluted with water and MTBE. The aqueous layer was
extracted (MTBE, 3� ) and the combined organic layers were dried
(MgSO4). Evaporation of the solvent and column chromatography (CH/
EA) yielded rac-20 a (1.14 g, 93%) as a white solid. M.p. 97 8C. NMR
signals were assigned by 2D techniques: 1H NMR (CD2Cl2): d� 7.38 ± 7.25
(m, 5H; Ar-H), 6.18 (dd, J� 6.1, 1.4 Hz, 1H; H-7), 6.16 (dd, J� 6.1, 1.6 Hz,
1H; H-6), 4.84 (dd, J� 5.1, 2 Hz, 1H; H-4), 4.62 (q, J� 6.5 Hz, 1H; H-1'),
4.51 (m, 1 H; H-5), 4.21 (dd, J� 4.2, 1.4 Hz, 1H; H-1), 3.97 (dd, J� 7.7,


5.1 Hz, 1 H; H-3), 3.47 (dd, J� 7.7, 4.2 Hz, 1H; H-2), 1.41 (d, J� 6.5 Hz, 3H;
H-2'), 1.21 (s, 9H; C(CH3)3), 0.90 (s, 9H; SiC(CH3)3), 0.11 (s, 3 H; SiCH3),
0.04 (s, 3H; SiCH3); 13C NMR (CD2Cl2): d� 178.22 (Cq, C�O), 145.44 (Cq,
Ar-C), 133.90 (CH, C-7), 130.68 (CH, C-6), 128.83 (CH, Ar-CH), 128.00
(CH, Ar-CH), 126.70 (CH, Ar-CH), 81.00 (CH, C-5), 79.43 (CH, C-1), 79.41
(CH, C-1'), 76.81 (CH, C-2), 70.81 (CH, C-3), 69.73 (CH, C-4), 39.22 (Cq,
C(CH3)3), 27.39 (CH3, C(CH3)3), 26.07 (CH3, SiC(CH3)3), 24.23 (CH3,
C-2'), 18.26 (Cq, SiC(CH3)3), ÿ4.28 (CH3, SiCH3), ÿ4.61 (CH3, SiCH3);
IR (ATR): nÄ � 3033, 2972, 2930, 2856, 1723, 1493, 1477, 1454, 1394, 1388,
1348, 1283, 1249, 1223, 1207, 1164, 1110, 1087, 1063, 1029, 998, 970, 946, 928,
906, 880, 841, 788, 761, 721, 703 cmÿ1; MS (70 8C): m/z (%): 460 (1) [M]� ,
404 (11), 329 (1), 299 (7), 253 (16), 226 (11), 225 (58), 197 (3), 187 (1), 169
(1), 149 (26), 129 (6), 117 (3), 115 (6), 106 (12), 105 (100), 97 (2), 85 (7), 83
(27), 77 (5), 73 (21); HRMS: calcd for C26H40O5Si: 460.2645, found:
460.2644.


4a-(tert-Butyldimethylsilanyloxy)-
2b,6b-bis-hydroxymethyl-5b-(1'-phe-
nylethoxy)-tetrahydropyran-3a-yl)
pivaloate (rac-20 b): Alkene rac-20a
(560 mg, 1.22 mmol) in CH2Cl2


(15 mL) and MeOH (1.5 mL) was allowed to react as described for
compound (�)-17 a to afford after chromatography rac-20 b (543 mg, 90%)
as a white solid. M.p. 53 8C. NMR signals were assigned by 2D techniques:
1H NMR (CD3OD): d� 7.39 ± 7.27 (m, 5 H; Ar-H), 4.96 (dd, J� 10.3 Hz,
J� 2.5 Hz, 1H; H-3), 4.67 (q, J� 6.4 Hz, 1H; H-1'), 4.48 (dd, J� 2.8,
2.5 Hz, 1 H; H-4), 3.93 (ddd, J� 10.5 Hz, 6.9, 2.1 Hz, 1H; H-2), 3.84 (ddd,
J� 8.5, 3.0, 1.5 Hz, 1 H; H-6), 3.76 (dd, J� 11.5 Hz, J� 8.5 Hz, 1H; H-7a),
3.66 (dd, J� 11.8, 2.1 Hz, 1 H; H-8a), 3.54 (dd, J� 11.8, 6.9 Hz, 1 H; H-8b),
3.25 ± 3.19 (m, 2H; H-5, H-7b), 1.45 (d, J� 6.4 Hz, 3 H; H-2'), 1.24 (s, 9H;
C(CH3)3), 0.86 (s, 9 H; SiC(CH3)3), 0.04 (s, 3H; SiCH3), ÿ0.14 (s, 3H;
SiCH3); 13C NMR (CD3OD): d� 178.45 (Cq, C�O), 142.76 (Cq, Ar-C),
128.67 (CH, Ar-CH), 128.19 (CH, Ar-CH), 126.90 (CH, Ar-CH), 76.42
(CH, C-1'), 75.50 (CH, C-6), 75.15 (CH, C-5), 74.13 (CH, C-2), 70.03 (CH,
C-3), 66.20 (CH, C-4), 62.82 (CH2, C-7), 62.35 (CH2, C-8), 39.01 (Cq,
C(CH3)3), 26.74 (CH3, C(CH3)3), 25.24 (CH3, SiC(CH3)3), 23.58 (CH3,
C-2'), 17.75 (Cq, SiC(CH3)3), ÿ5.12 (CH3, SiCH3), ÿ5.60 (CH3, SiCH3); IR
(ATR): nÄ � 3391, 2956, 2931, 2884, 2858, 1726, 1467, 1396, 1382, 1282, 1252,
1209, 1152, 1099, 1066, 1047, 1008, 995, 958, 939, 877, 834, 768, 701 cmÿ1; MS
(130 8C): m/z (%): 441 (1), 440 (3), 439 (8) [MÿC4H9]� , 336 (2), 335 (7),
233 (4), 215 (3), 197 (1), 185 (2), 177 (1), 160 (2), 159 (14), 143 (4), 141 (2),
117 (3), 106 (9), 105 (100), 85 (3), 79 (2), 77 (2), 75 (7), 73 (9), 69 (2);
HRMS: calcd for C22H35O7Si: 439.2152, found: 439.2153.


4a-(tert-Butyldimethylsilanoxy)-
2b,6b-bis-hydroxymethyl-5b-hydroxy-
tetrahydropyran-3a-yl) pivaloate (rac-
20 c): Pearlman-catalyst (Pd(OH)2/C,
20 % Pd, 50% moisture) (122 mg) was


added under N2 to a solution of diol rac-20b (402 mg, 0.810 mmol) in EtOH
(8.5 mL). The reaction mixture was flushed several times with hydrogen
and stirred at RT under a stable hydrogen atmosphere for 16 h. After
complete reaction (TLC control) the mixture was filtered, evaporated
under reduced pressure and purified by column chromatography (CH/EA)
giving rac-20c (295 mg, 93 %) as a white solid. M.p. 133 8C. NMR signals
were assigned by 2D techniques: 1H NMR (CD3OD): d� 4.98 (dd, J�
10.3 Hz, 2.8 Hz, 1H; H-3), 4.16 (dd, J� 3.9, 2.8 Hz, 1 H; H-4), 3.94 ± 3.88
(m, 2H; H-2, H-6), 3.75 (dd, J� 11.6, 7.7 Hz, 1H; H-7a), 3.66 (dd, J� 4.1,
1.1 Hz, 1 H; H-5), 3.64 ± 3.58 (m, 2 H; H-7a, H-8a, 3.53 (dd, J� 11.8, 6.7 Hz,
1H; H-8b), 1.21 (s, 9 H; C(CH3)3), 0.95 (s, 9H; SiC(CH3)3), 0.10 (s, 3H;
SiCH3), 0.08 (s, 3H; SiCH3); 13C NMR (CD3OD): d� 179.23 (Cq, C�O),
76.42 (CH, C-6), 75.49 (CH, C-2), 71.93 (CH, C-5), 71.50 (CH, C-4), 70.16
(CH, C-3), 63.31 (CH2, C-8), 63.11 (CH2, C-7), 39.96 (Cq, C(CH3)3), 27.73
(CH3, C(CH3)3), 26.34 (CH3, SiC(CH3)3), 18.84 (Cq, SiC(CH3)3), ÿ4.13
(CH3, SiCH3), ÿ4.58 (CH3, SiCH3); IR (ATR): nÄ � 3370, 2955, 2929, 2885,
2857, 1730, 1472, 1462, 1397, 1362, 1282, 1253, 1151, 1098, 1040, 992, 954,
879, 861, 835, 776 cmÿ1; MS (130 8C): m/z (%): 337 (4), 336 (11), 335 (52)
[MÿC4H9]� , 317 (3), 259 (7), 233 (18), 216 (3), 215 (22), 197 (13), 189 (2),
187 (5), 185 (22), 173 (8), 171 (7), 167 (2), 160 (13), 159 (100), 155 (11), 147
(7), 143 (20), 141 (17), 131 (14), 129 (23), 123 (10), 117 (23), 111 (8), 95 (5),
85 (19), 81 (11), 77 (5), 75 (48), 73 (47), 69 (11); HRMS: calcd for
C14H27O7Si: 335.1526, found: 335.1526.
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(4a-(tert-Butyldimethylsilanyloxy)-
2b-hydroxymethyl-(5b,6b-methyl)-O-
benzylidene-tetrahydropyran-3a-yl)
pivaloate (rac-28): p-Toluenesulfonic
acid (2.0 mg, 0.012 mmol) was added


to the triol rac-20c (168 mg, 0.428 mmol) in acetonitrile (2 mL) and the
reaction mixture was heated to 65 8C. Benzaldehyde dimethylacetal (80 ml,
0.6 mmol) was added dropwise in three portions at 65 8C. The reaction flask
was flushed several times with N2 and progress of the reaction while the
reaction was monitored by TLC. Addition of sat. K2CO3 solution (5 mL)
terminated the reaction after 2 h. The mixture was stirred vigorously
stirring for 15 min, diluted with MTBE and further sat. K2CO3 solution.
The aqueous layer was extracted (MTBE, 5� ) and the combined organic
layers were dried (Na2SO4). Evaporation of the solvent afforded an oily
residue which was purified by chromatography (CH/EA) giving rac-28
(176 mg, 85 %) as a white solid. M.p. 134 ± 135 8C. NMR signals were
assigned by 2D techniques: 1H NMR (CD3OD): d� 7.44 ± 7.39 (m, 2H; m-
Ar-H), 7.30 ± 7.24 (m, 3 H; o-/p-Ar-H), 5.55 (s, 1 H; CHPh), 5.00 (dd, J�
10.2 Hz, J� 2.6 Hz, 1H; H-3), 4.23 (br dd, J� 2.6, 1.0 Hz, 1H; H-4), 4.13
(dd, J� 12.4, 1.2 Hz, 1H; H-7a), 4.03 (dd, J� 12.4, 1.6 Hz, 1H; H-7b), 3.98 ±
3.92 (m, 2 H; H-2, H-6), 3.67 (br d, J� 1.0 Hz, 1 H; H-5), 3.60 (dd, J� 12.2,
2.0 Hz, 1H; H-8a), 3.50 (dd, J� 12.2, 5.3 Hz, 1H; H-8b), 1.13 (s, 9H;
C(CH3)3), 0.87 (s, 9 H; SiC(CH3)3), 0.06 (s, 3H; SiCH3), 0.01 (s, 3H; SiCH3);
13C NMR (CD3OD): d� 179.27 (Cq, C�O), 139.40 (Cq, Ar-C), 129.98 (CH,
p-Ar-CH), 129.11 (CH, o-Ar-CH), 127.38 (CH, m-Ar-CH), 101.93 (CH,
CHPh), 78.69 (CH, C-6), 74.75 (CH, C-2), 70.89 (CH, C-7), 70.10 (CH,
C-3), 69.56 (CH, C-4), 67.68, (CH2, C-5), 62.87 (CH2, C-8), 39.97 (Cq,
C(CH3)3), 27.73 (CH3, C(CH3)3), 26.32 (CH3, SiC(CH3)3), 18.87 (Cq,
SiC(CH3)3), ÿ4.17 (CH3, SiCH3), ÿ4.70 (CH3, SiCH3); IR (ATR): nÄ �
3415, 2957, 2928, 2884, 2856, 1721, 1472, 1458, 1404, 1362, 1284, 1252, 1216,
1153, 1105, 1078, 1045, 996, 966, 940, 926, 908, 887, 862, 832, 816, 777, 758,
728, 698 cmÿ1; MS (150 8C): m/z (%): 480 (1) [M]� , 424 (12), 423 (42), 347
(7), 321 (13), 281 (3), 269 (4), 233 (4), 216 (8), 215 (52), 197 (26), 185 (25),
171 (11), 169 (9), 160 (17), 159 (100), 155 (14), 149 (16), 143 (16), 141 (20),
136 (16), 131 (15), 129 (19), 123 (20), 117 (20), 111 (13), 108 (13), 105 (33),
91 (21), 85 (27), 75 (50), 73 (60), 69 (12); HRMS: calcd for C25H40O7Si:
480.2543, found: 480.2538.


(3a-(tert-Butyldimethylsilanyloxy)-
2a-(1'-phenylethoxy)-8-oxabicyclo-
[3.2.1]oct-6-en-4b-yl) pivaloate (rac-
19 a): Alcohol rac-19 (310 mg,


0.896 mmol), TBS-Cl (270 mg, 1.79 mmol), imidazole (244 mg, 3.58 mmol)
and a catalytic amount of DMAP were allowed to react for 36 h (as
described for compound rac-20 a) to afford after chromatography (CH/EA)
rac-19a (399 mg, 95%) as a colourless oil. NMR signals were assigned by
2D techniques: 1H NMR (CDCl3): d� 7.35 ± 7.22 (m, 5H; Ar-H), 6.28 (ddd,
J� 6.1, 1.8, 0.8 Hz, 1 H; H-7), 6.02 (ddd, J� 6.1, 1.8, 0.5 Hz, 1H; H-6), 4.56
(m, 1H; H-5), 4.49 (q, J� 6.4 Hz, 1H; H-1'), 4.48 (t, J� 1.8 Hz, 1H; H-4),
4.22 (m, 1 H; H-1), 3.96 (m, 1 H; H-3), 3.69 (dd, J� 4.9, 3.9 Hz, 1 H; H-2),
1.41 (d, J� 6.4 Hz, 3H; H-2'), 1.18 (s, 9H; C(CH3)3), 0.92 (s, 9 H;
SiC(CH3)3), 0.12 (s, 3H; SiCH3), 0.11 (s, 3 H; SiCH3); 13C NMR (CDCl3):
d� 177.69 (Cq, C�O), 144.39 (Cq, Ar-C), 135.06 (CH, C-7), 129.82 (CH,
C-6), 128.49 (CH, Ar-CH), 127.67 (CH, Ar-CH), 126 (CH, Ar-CH), 80.22
(CH, C-5), 79.36 (CH, C-1), 77.37 (CH, C-1'), 74.72 (CH, C-2), 72.60 (CH,
C-4), 70.34 (CH, C-3), 38.73 (Cq, C(CH3)3), 27.04 (CH3, C(CH3)3), 25.75
(CH3, SiC(CH3)3), 24.44 (CH3, C-2'), 18.03 (Cq, SiC(CH3)3), ÿ4.75 (CH3,
SiCH3), ÿ5.04 (CH3, SiCH3); IR (CHCl3): nÄ � 3086, 2956, 2930, 2886, 2857,
1720, 1602, 1472, 1465, 1397, 1371, 1318, 1302, 1284, 1253, 1155, 1129, 1102,
1087, 1070, 1033, 1006, 980, 964, 940, 916, 898, 874, 857, 839 cmÿ1; MS
(90 8C): m/z (%): 404 (5), 403 (17) [MÿC4H9]� , 329 (1), 299 (23), 253 (9),
226 (15), 225 (81), 189 (7), 167 (3), 159 (4), 148 (4), 147 (25), 129 (2), 117 (5),
115 (8), 106 (9), 105 (100), 85 (7), 81 (30), 77 (2), 75 (6), 73 (25); HRMS:
calcd for C22H31O5Si: 403.1940, found: 403.1941.


(4b-(tert-Butyldimethylsilanyloxy)-
2b,6b-bis-hydroxymethyl-5b-(1'-phe-
nylethoxy)-tetrahydropyran-3a-yl)
pivaloate (rac-19 b): Alkene rac-19a
(316 mg, 0.687 mmol) in CH2Cl2


(8.3 mL) and MeOH (0.83 mL) were allowed to react as described for
compound (�)-17 to afford after chromatography (CH/EA) rac-19b
(313 mg, 91%) as a white solid. M.p. 148 8C; 1H NMR (CDCl3): d�


7.39 ± 7.27 (m, 5H; Ar-H), 5.30 (t, J� 9.5 Hz, 1H; H-3), 4.89 (q, J�
6.5 Hz, 1H; H-1'), 3.84 (dd, J� 9.5, 2.5 Hz, 1 H; H-4), 3.84 (br d, J�
2.5 Hz, 1H; H-5), 3.75 ± 3.50 (m, 3H; H-2, H-8a, H-8b), 3.38 ± 3.30 (m,
2H; H-6, H-7a), 3.02 (dd, J� 11.5, 4.9 Hz, 1H; H-7b), 1.52 (d, J� 6.5 Hz,
3H; H-2'), 1.23 (s, 9H; C(CH3)3), 0.96 (s, 9H; SiC(CH3)3), 0.22 (s, 3H;
SiCH3), 0.14 (s, 3 H; SiCH3); 13C NMR (CDCl3): d� 178.15 (Cq, C�O),
143.24 (Cq, Ar-C), 128.57 (CH, Ar-CH), 128.07 (CH, Ar-CH), 126.88 (CH,
Ar-CH), 79.19 (CH, C-2), 79.03 (CH, C-6), 78.54 (CH, C-1'), 75.22 (CH,
C-3), 74.98 (CH, C-5), 69.77 (CH, C-4), 62.17 (CH2, C-8), 62.10 (CH2, C-7),
39.01 (Cq, C(CH3)3), 27.49 (CH3, C(CH3)3), 25.77 (CH3, SiC(CH3)3), 23.37
(CH3, C-2'), 17.85 (Cq, SiC(CH3)3), ÿ3.09 (CH3, SiCH3), ÿ4.99 (CH3,
SiCH3); IR (CHCl3): nÄ � 3679, 3589, 2960, 2932, 2884, 2860, 1730, 1602,
1479, 1462, 1397, 1371, 1277, 1256, 1158, 1137, 1101, 1081, 1068, 1039, 948,
885, 862, 839 cmÿ1; MS (120 8C): m/z (%): 496 (3) [M]� , 440 (4), 439 (11),
336 (7), 335 (22), 317 (4), 233 (5), 215 (5), 197 (4), 185 (4), 177 (3), 160 (4),
159 (16), 143 (6), 141 (6), 117 (3), 106 (11), 105 (100), 96 (3), 85 (4), 82 (4),
76 (7), 74 (8), 70 (5); HRMS: calcd for C26H24O7Si: 496.2856, found:
496.2854.


(4b-(tert-Butyldimethylsilanyloxy)-
2b,6b-bis-hydroxymethyl-5b-hydroxy-
tetrahydropyran-3a-yl) pivaloate (rac-
29): Diol rac-19 b (149 mg, 0.300
mmol) and Pearlman�s catalyst


(45 mg) were allowed to react as described for compound rac-20c to
afford after chromatography (CH/EA) rac-29(156 mg, 94%) as a white
solid. M.p. 150 8C. NMR signals were assigned by 2D techniques: 1H NMR
(CD3OD): d� 5.05 (t, J� 9.5 Hz, 1 H; H-3), 3.91 (dd, J� 9.5, 3.4 Hz, 1H;
H-4), 3.86 (dd, J� 3.4, 0.7 Hz, 1 H; H-5), 3.79 (dd, J� 11.4, 7.7 Hz, 1H;
H-7a), 3.64 (dd, J� 11.4 Hz, 4.4 Hz, 1H; H-7b), 3.55 (ddd, J� 7.7, 4.4, 0.7 Hz,
1H; H-6), 3.52 ± 3.46 (m, 2H; H-8a, H-8b), 3.45 ± 3.38 (m, 1H; H-2), 1.22 (s,
9H; C(CH3)3), 0.89 (s, 9H; SiC(CH3)3), 0.15 (s, 3 H; SiCH3), 0.10 (s, 3H;
SiCH3); 13C NMR (CD3OD): d� 179.10 (Cq, C�O), 80.30 (CH, C-6), 80.12
(CH, C-2), 75.37 (CH, C-4), 71.35 (CH, C-5), 71.03 (CH, C-3), 63.16 (CH2,
C-8), 63.04 (CH2, C-7), 39.90 (Cq, C(CH3)3), 27.80 (CH3, C(CH3)3), 26.37
(CH3, SiC(CH3)3), 18.85 (Cq, SiC(CH3)3), ÿ3.75 (CH3, SiCH3), ÿ4.53
(CH3, SiCH3); IR (ATR): nÄ � 3239, 2930, 2856, 1735, 1475, 1461, 1383,
1362, 1329, 1281, 1248, 1143, 1112, 1068, 1050, 1006, 989, 956, 924, 886,
862, 836, 777 cmÿ1; MS (160): m/z (%): 335 (52) [MÿC4H9]� , 317 (16),
259 (3), 233 (10), 216 (3), 215 (20), 197 (43), 189 (12), 186 (47), 173 (27), 171
(17), 167 (11), 160 (18), 159 (100), 155 (13), 147 (12), 143 (27), 141 (43), 131
(17), 129 (28), 123 (36), 117 (40), 111 (29), 95 (11), 85 (16), 81 (25), 77 (8),
75 (77), 73 (50), 69 (17); HRMS: calcd for C14H27O7Si: 335.1526, found:
335.1526.


(1'S,1R,2S,4R,5S)-(2-(1'-Phenyleth-
oxy)-8-oxabicyclo[3.2.1]octa-6-ene-3-
one-4-yl) pivaloate [(ÿ)-16]: Ketone
(ÿ)-15 (2.40 g, 6.97 mmol) was dis-
solved in acetonitrile (24 mL) under
ultrasonication within 10 min.


DBU(2.08 mL, 14.0 mmol) was added to this solution and the reaction
mixture (TLC control) was ultrasonicated for 100 min at 16 ± 18 8C. After
complete reaction the mixture was poured into sat. NH4Cl solution and
extracted (MTBE, 4� ). The combined organic layers were dried (MgSO4),
concentrated and purified by column chromatography (CH/EA) to afford
crystalline (ÿ)-16 (2.04 g, 85%). M.p. 130 ± 132 8C; [a]20


D �ÿ58.1 (c� 1.0,
CHCl3). NMR signals were assigned by 2D techniques: 1H NMR (CDCl3):
d� 7.40 ± 7.27 (m, 5 H; Ar-H), 6.46 (dd, J� 6.1, 1.6 Hz, 1 H; H-6), 6.32 (dd,
J� 6.1, 1.8 Hz, 1H; H-7), 5.30 (d, J� 5.0 Hz, 1H; H-4), 5.02 (dd, J� 5.0,
1.6 Hz, 1H; H-5), 4.76 (q, J� 6.5 Hz, 1H; H-1'), 4.74 (dd, J� 5.3, 1.8 Hz,
1H; H-1), 4.04 (d, J� 5.3 Hz, 1H; H-2), 1.48 (d, J� 6.5 Hz, 3H; H-2'), 1.26
(s, 9 H; C(CH3)3); 13C NMR (CDCl3): d� 200.35 (Cq, C-3), 177.08 (Cq,
CO2), 142.87 (Cq, Ar-C), 134.06 (CH, C-6), 132.25 (CH, C-7), 128.67 (CH,
Ar-CH), 128.01 (CH, Ar-CH), 126.33 (CH, Ar-CH), 81.40 (CH, C-2), 80.02
(CH, C-5), 79.41 (CH, C-1), 79.01 (CH, C-1'), 76.24 (CH, C-4), 38.85 (Cq,
C(CH3)3), 27.14 (CH3, C(CH3)3), 24.07 (CH3, C-2'); IR (ATR):
nÄ � 2973, 2930, 2917, 1741, 1728, 1482, 1454, 1398, 1372, 1341, 1286, 1273,
1231, 1208, 1145, 1097, 1076, 1054, 1028, 1009, 997, 982, 941, 905, 866, 836,
806, 759, 738, 702 cmÿ1; MS (110 8C): m/z (%): 344 (0.4) [M]� , 239 (1), 213
(2), 185 (1), 145 (1), 138 (50), 122 (1), 109 (13), 106 (15), 105 (100), 91 (1), 85
(14), 79 (8), 77 (8), 69 (2); HRMS: calcd for C20H24O5: 344.1623, found:
344.1619.
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(1'S,1R,2R,3S,4S,5S)-(3-Hydroxy-2-
(1'-phenylethoxy)-8-oxabicyclo[3.2.1]-
oct-6-en-4-yl) pivaloate [(ÿ)-21]: CeIII-


Cl3 ´ 5H2O (1.39 g, 3.74 mmol) was
added at 0 8C to a solution of ketone


(ÿ)-16 (1.29 g, 3.74 mmol) in THF/EtOH (2:1, 75 mL). After 10 min at 0 8C,
NaBH4 (424 mg, 11.2 mmol) was added under vigorous stirring. The
temperature was allowed to reach 11 8C within 3 h, then the mixture was
worked up as described for rac-19. Column chromatography (CH/EA)
yielded (ÿ)-21 (1.28 g, 99%) as a white solid. M.p. 90 ± 91 8C; [a]20


D �ÿ50.5
(c� 1.0, CHCl3). NMR signals were assigned by 2D techniques: 1H NMR
(CDCl3): d� 7.27 ± 7.24 (m, 5H; Ar-H), 6.44 (dd, J� 6.3, 1.6 Hz, 1H; H-7),
6.40 (dd, J� 6.3, 1.5 Hz, 1 H; H-6), 4.73 (dd, J� 5.0 Hz, 4.6 Hz, 1 H; H-4),
4.60 (q, J� 6.4 Hz, 1H; H-1'), 4.59 ± 4.54 (m, 2 H; H-3, H-5), 4.42 (m, 1H;
H-1), 3.62 (dd, J� 5.1, 4.4 Hz, 1H; H-2), 2.31 (br s, 1 H; OH), 1.43 (d, J�
6.4 Hz, 5H; H-2'), 1.24 (s, 9 H; C(CH3)3); 13C NMR (CDCl3): d� 177.52 (Cq,
C�O), 142.72 (Cq, Ar-C), 134.10 (CH, C-7), 133.96 (CH, C-6), 128.65 (CH,
Ar-CH), 128.00 (CH, Ar-CH), 128.20 (CH, Ar-CH), 79.42 (CH, C-1), 78.39
(CH, C-5), 76.09 (CH, C-1'), 70.70 (C-2), 68.37 (CH, C-4), 65.43 (CH, C-3),
38.85 (Cq, C(CH3)3), 27.14 (CH3, C(CH3)3), 24.24 (CH3, C-2'); IR (ATR):
nÄ � 3539, 3089, 2968, 2943, 2904, 2878, 1723, 1479, 1454, 1396, 1354, 1285,
1169, 1102, 1073, 1055, 1038, 1007, 968, 954, 887, 859, 839, 808, 762, 742,
699 cmÿ1; MS (90 8C): m/z (%): 346 (1) [M]� , 226 (4), 215 (2), 181 (3), 149
(2), 140 (5), 139 (42), 112 (5), 111 (72), 106 (9), 105 (100), 103 (15), 94 (5), 85
(9), 83 (17), 81 (9), 79 (9), 77 (8), 69 (5).


(1'S,1R,2R,3R,4S,5S)-(3-Hydroxy-2-(1'-
phenylethoxy)-8-oxabicyclo[3.2.1]oct-6-
en-4-yl) pivaloate [(ÿ)-22]: Triflate
inversion : Alcohol (ÿ)-21 (520 mg,


1.50 mmol), DMAP (37 mg, 0.30 mmol), pyridine (3.75 mL) and trifluor-
omethanesulfonic acid anhydride (646 ml, 3.76 mmol) were allowed to react
as described for compound rac-20 for 2 h at 0 8C and 1 h at 40 8C. A solution
of the crude triflate in DMSO (7 mL) was treated with nBu4NONO (2.17 g,
7.51 mmol) at 0 8C. After 16 h at RT the mixture was worked up as
described for rac-20 to afford after purification (CH/EA) (ÿ)-22 (311 mg,
60%) as a colourless crystals. M.p. 110 8C; [a]20


D �ÿ14.8 (c� 0.5, CHCl3).
NMR signals were assigned by 2D techniques (additonally the X-ray
structure was determined): 1H NMR (CD3OD): d� 7.41 ± 7.25 (m, 5 H; Ar-
H), 6.23 (dd, J� 6.3, 1.8 Hz, 1H; H-7), 6.14 (br dd, J� 6.3, 1 Hz, 1 H; H-6),
4.77 (q, J� 6.5 Hz, 1H; H-1'), 4.61 ± 4.56 (m, 2H; H-4, H-5), 4.19 (dd, J�
4.4, 1.8 Hz, 1 H; H-1), 3.66 ± 3.59 (m, 1 H; H-3), 3.34 (dd, J� 7.4, 4.4 Hz, 1H;
H-2), 1.42 (d, J� 6.4 Hz, 5H; H-2'), 1.20 (s, 9 H; C(CH3)3); 13C NMR
(CD3OD): d� 179.49 (Cq, C�O), 145.88 (Cq, Ar-C), 133.24 (CH, C-7),
130.89 (CH, C-6), 129.58 (CH, Ar-CH), 128.81 (CH, Ar-CH), 127.46 (CH,
Ar-CH), 80.84 (CH, C-1), 80.67 (CH, C-1'), 79.30 (CH, C-2), 78.99 (CH,
C-4), 74.97 (CH, C-3), 73.88 (CH, C-5), 39.79 (Cq, C(CH3)3), 27.48 (CH3,
C(CH3)3), 24.44 (CH3, C-2'); IR (ATR): nÄ � 3444, 3061, 3031, 2971, 2920,
2872, 1730, 1493, 1477, 1452, 1395, 1365, 1344, 1280, 1226, 1207, 1160, 1100,
1068, 1049, 1035, 1016, 997, 985, 910, 876, 806, 764, 733, 702 cmÿ1; MS
(90 8C): m/z (%): 346 (2) [M]� , 280 (1), 244 (1), 226 (2), 215 (3), 185 (2), 181
(7), 140 (6), 139 (68), 111 (73), 106 (19), 105 (100), 103 (21), 85 (12), 83 (15),
81 (9), 79 (10), 77 (11), 69 (10).


(1'S,1R,2S,3R,4R,5S)-(2-(1'-Phenyl-
ethoxy)-3-(tert-butyldimethylsilanyloxy)-
8-oxabicyclo[3.2.1]oct-6-en-4-yl) piva-
loate [(ÿ)-22 a]: Alcohol (ÿ)-22


(214 mg, 0.618 mmol), TBS-Cl (233 mg, 1.55 mmol) and imidazole
(210 mg, 3.09 mmol) were allowed to react for 18 h as described for rac-
20a to afford after column chromatography (CH/EA) (ÿ)-22 a (240 mg,
85%) as a white solid. M.p. 71 8C; [a]20


D �ÿ37.3 (c� 1, CHCl3); 1H NMR
(CDCl3): d� 7.38 ± 7.27 (m, 5H; Ar-H), 6.10 (dd, J� 6.2, 1.8 Hz, 1H; H-6),
6.01 (dd, J� 6.2, 1.8 Hz, 1H; H-7), 4.72 (dd, J� 6.8, 4.6 Hz, 1 H; H-4), 4.61
(dd, J� 4.6, 1.8 Hz, 1 H; H-5), 4.56 (q, J� 6.5 Hz, 1 H; H-1'), 4.04 (dd, J�
4.4, 1.8 Hz, 1 H; H-1), 3.75 (dd, J� 6.8, 6.7 Hz, 1 H; H-3), 3.46 (dd, J� 6.7,
4.4 Hz, 1H; H-2), 1.48 (d, J� 6.5 Hz, 3 H; H-2'), 1.20 (s, 9H; C(CH3)3), 0.90
(s, 9H; SiC(CH3)3), 0.15 (s, 3H; SiCH3), 0.04 (s, 3 H; SiCH3); 13C NMR
(CDCl3): d� 177.74 (Cq, C�O), 144.69 (Cq, Ar-C), 132.54 (CH, C-6), 129.85
(CH, C-7), 128.59 (CH, Ar-CH), 127.96 (CH, Ar-CH), 126.44 (CH, Ar-CH),
79.67 (CH, C-2), 79.50 (CH, C-1'), 78.95 (CH, C-1), 77.15 (CH, C-5), 74.46
(CH, C-3), 74.20 (CH, C-4), 38.86 (Cq, C(CH3)3), 27.33 (CH3, C(CH3)3),
25.84 (CH3, SiC(CH3)3), 23.86 (CH3, C-2'), 18.01 (Cq, SiC(CH3)3), ÿ4.02


(CH3, SiCH3), ÿ4.34 (CH3, SiCH3); IR (ATR): nÄ � 3086, 3030, 2960, 2930,
2881, 2858, 1724, 1478, 1457, 1373, 1344, 1327, 1290, 1276, 1246, 1211, 1153,
1114, 1091, 1056, 1035, 1011, 997, 980, 947, 916, 873, 835, 799, 778, 767, 736,
702 cmÿ1; MS (100 8C): m/z (%): 403 (26) [MÿC4H9]� , 329 (1), 300 (20),
253 (10), 226 (11), 225 (59), 197 (4), 159 (14), 129 (8), 115 (8), 106 (15), 105
(100), 85 (7), 81 (61), 75 (10), 74 (31); HRMS: calcd for C22H31O5Si:
403.1940, found: 403.1940.


(1'S,2S,3R,4R,5S,6R)-(4-(tert-Butyldi-
methylsilanyloxy)-2,6-bis-hydroxy-
methyl-5-(1'-phenylethoxy)-tetrahy-
dropyran-3-yl) pivaloate [(ÿ)-22 b]:
Alkene (ÿ)-22a (280 mg, 0.608 mmol)


in CH2Cl2 (7 mL) and MeOH (0.7 mL) were allowed to react as described
for compound (�)-17 a to yield after chromatography (CH/EA) (ÿ)-22b
(278 mg, 92 %) as a white solid. M.p. 49 8C; [a]20


D �ÿ13.2 (c� 1, MeOH).
NMR signals were assigned by 2D techniques: 1H NMR (CDCl3): d�
7.39 ± 7.23 (m, 5H; Ar-H), 4.55 ± 4.51 (m, 1H; H-3), 4.43 (q, J� 6.5 Hz,
1H; H-1'), 4.06 (br dd, J� 2.5 Hz, 1 H; H-5), 3.96 (ddd, J� 8.2, 3.8, 1.6 Hz,
1H; H-2), 3.86 (dd, J� 11.8, 7.1 Hz, 1H; H-7a), 3.82 (dd, J� 11.8, 8.2 Hz,
1H; H-8a), 3.76 ± 3.70 (m, 1H; H-6), 3.49 (dd, J� 11.8, 3.8 Hz, 1H; H-8b),
3.38 (dd, J� 11.8, 3.4 Hz, 1 H; H-7b), 3.02 ± 2.99 (m, 1 H; H-4), 1.43 (d, J�
6.5 Hz, 3 H; H-2'), 1.27 (s, 9 H; C(CH3)3), 0.82 (s, 9H; SiC(CH3)3), 0.14 (s,
3H; SiCH3), ÿ0.01 (s, 3H; SiCH3); 13C NMR (CDCl3): d� 178.78 (Cq,
C�O), 142.13 (Cq, Ar-C), 128.66 (CH, Ar-CH), 128.21 (CH, Ar-CH), 126.76
(CH, Ar-CH), 76.54 (CH, C-1'), 75.54 (CH, C-6), 75.25 (CH, C-2), 73.57
(CH, C-5), 70.18 (CH, C-3), 64.76 (CH, C-4), 63.59(CH2, C-8), 62.37 (CH2,
C-7), 39.16 (Cq, C(CH3)3), 27.34 (CH3, C(CH3)3), 25.56 (CH3, SiC(CH3)3),
24.11 (CH3, C-2'), 17.70 (Cq, SiC(CH3)3),ÿ4.93 (CH3, SiCH3),ÿ5.11 (CH3,
SiCH3); IR (CHCl3): nÄ � 3603, 3494, 2956, 2931, 2888, 2859, 1718, 1602,
1493, 1479, 1471, 1462, 1398, 1372, 1342, 1281, 1256, 1159, 1096, 1065, 938,
889, 841 cmÿ1; MS (120 8C): m/z (%): 439 (4) [MÿC4H9]� , 363 (3), 259 (3),
215 (2), 201 (1), 177 (2), 169 (1), 160 (2), 159 (19), 143 (2), 129 (2), 106 (10),
105 (100), 86 (2), 76 (5), 74 (8), 70 (5); HRMS: calcd for C22H35O7Si:
439.2152, found: 439.2152.


(2S,3R,4R,5S,6R)-(4-(tert-Butyldimeth-
ylsilanyloxy)-2,6-bis-hydroxymethyl-5-
hydroxy-tetrahydropyran-3-yl) piva-
loate [(ÿ)-31]: Diol (ÿ)-22b (256 mg,
0.516 mmol) was selectively deprotect-


ed with Pearlman�s catalyst (77 mg) to afford after column chromatography
(CH/EA) (ÿ)-31 (193 mg, 95%) as a white solid. M.p. 115 ± 117 8C; [a]20


D �
ÿ2.8 (c� 1, MeOH). NMR signals were assigned by 2D techniques:
1H NMR (CD3OD): d� 4.58 (m, 1 H; H-3), 3.96 (ddd, J� 7.6, 4.9, 1.6 Hz,
1H; H-2), 3.88 (m, 1 H; H-5), 3.86 ± 3.79 (m, 2H; H-6, H-7a), 3.71 (dd, J�
11.4 Hz, J� 7.6 Hz, 1H; H-8a), 3.67 ± 3.62 (m, 1H; H-7b), 3.51 (dd, J�
11.4 Hz, J� 4.9 Hz, 1 H; H-8b), 3.46 (m, 1H; H-4), 1.21 (s, 9 H; C(CH3)3),
0.93 (s, 9H; SiC(CH3)3), 0.18 (s, 3H; SiCH3), 0.13 (s, 3H; SiCH3); 13C NMR
(CD3OD): d� 179.18 (Cq, C�O), 77.72 (CH, C-6), 76.84 (CH, C-2), 71.40
(CH, C-3), 69.96 (CH, C-5), 69.79 (CH, C-4), 63 (CH2, C 7), 62.64 (CH2,
C-8), 40.08 (Cq, C(CH3)3), 27.43 (CH3, C(CH3)3), 26.20 (CH3, SiC(CH3)3),
18.75 (Cq, SiC(CH3)3), ÿ4.76 (CH3, SiCH3), ÿ5.05 (CH3, SiCH3); IR
(ATR): nÄ � 3374, 2954, 2930, 2885, 2858, 1731, 1462, 1397, 1363, 1334, 1254,
1141, 1096, 1061, 971, 925, 837, 777 cmÿ1; MS (120 8C): m/z (%): 335 (41)
[MÿC4H9]� , 259 (27), 233 (11), 216 (4), 215 (26), 197 (15), 185 (10), 177 (9),
173 (8), 171 (10), 160 (25), 159 (100), 155 (16), 147 (16), 143 (26), 141 (29),
131 (20), 129 (43), 117 (35), 85 (25), 81 (36), 77 (8), 75 (68), 73 (63), 69 (95);
HRMS: calcd for C14H27O7Si: 335.1526, found: 335.1523.


(2a-(1'-Phenylethoxy)-3a-(tert-butyl-
dimethylsilanyloxy)-8-oxabicyclo-
[3.2.1]oct-6-en-4a-yl) pivaloate (rac-
21 a): Alcohol rac-21 (103 mg, 0.290
mmol), TBS-Cl (253 mg, 1.68 mmol),


imidazole (145 mg, 2.13 mmol) and a catalytic amount of DMAP were
allowed to react for 7 h at 90 8C as described for compound rac-20 a to
afford after chromatography (CH/EA) starting material rac-21(8 mg) and
rac-21a (115 mg, 84%, 91% based on recovered starting material) as a
white solid. M.p. 58 8C. NMR signals were assigned by 2D techniques:
1H NMR (CDCl3): d� 7.37 ± 7.24 (m, 5H; Ar-H), 6.38 (dd, J� 6.3, 1.5 Hz,
1H; H-7), 6.33 (dd, J� 6.3, 1.7 Hz, 1 H; H-6), 5.57 (m, 1 H; H-4), 4.45 (q,
J� 6.5 Hz, 1 H; H-1'), 4.39 (m, 1H; H-5), 4.35 (m, 1H; H-1), 3.93 (dd, J�
5.1, 3.9 Hz, 1H; H-3), 3.55 (dd, J� 4.8, 3.9 Hz, 1H; H-2), 1.28 (d, J� 6.5 Hz,
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3H; H-2'), 1.24 (s, 9H; C(CH3)3), 0.85 (s, 9H; SiC(CH3)3), 0.06 (s, 3H;
SiCH3), 0.02 (s, 3 H; SiCH3); 13C NMR (CDCl3): d� 177.91 (Cq, C�O),
143.36 (Cq, Ar-C), 133.34 (CH, C-7), 133.03 (CH, C-6), 128.54 (CH, Ar-
CH), 127.71 (CH, Ar-CH), 126.26 (CH, Ar-CH), 80.94 (CH, C-5), 79.60
(CH, C-1), 76.21 (CH, C-1'), 71.65 (CH, C-2), 68.26 (CH, C-4), 67.92 (CH,
C-3), 38.92 (Cq, C(CH3)3), 27.41 (CH3, C(CH3)3), 25.70 (CH3, SiC(CH3)3),
24.30 (CH3, C-2'), 18.05 (Cq, SiC(CH3)3),ÿ4.89 (CH3, SiCH3),ÿ5.24 (CH3,
SiCH3); IR (CHCl3): nÄ � 3085, 2956, 2931, 2886, 2858, 1718, 1601, 1492,
1479, 1462, 1397, 1362, 1328, 1287, 1257, 1230, 1174, 1123, 1091, 1053, 1039,
1007, 967, 940, 893, 870, 842, 815 cmÿ1; MS (110 8C): m/z (%): 403 (37) [Mÿ
C4H9]� , 299 (9), 287 (13), 225 (4), 204 (3), 203 (20), 197 (4), 187 (10), 160 (4),
159 (31), 130 (2.72), 129 (22), 106 (15), 105 (100), 85 (18), 81 (7), 79 (4), 77
(3), 75(7), 73 (17); HRMS: calcd for C22H31O5Si: 403.1940, found: 403.1940.


(4b-(tert-Butyldimethylsilanyloxy)-
2b,6b-bis-hydroxymethyl-5b-(1'-phe-
nylethoxy)-tetrahydropyran-3b-yl)
pivaloate (rac-21b): Alkene rac-21a
(290 mg, 0.630 mmol) in CH2Cl2


(7.7 mL) and MeOH (0.75 mL) were allowed to react as described for
compound (�)-17a to yield after chromatography (CH/EA) rac-21b
(280 mg, 89 %) as a white solid. M.p. 59 ± 61 8C. NMR signals were assigned
by 2D techniques: 1H NMR (CDCl3): d� 7.37 ± 7.22 (m, 5 H; Ar-H), 4.90 ±
4.84 (m, 1H; H-3), 4.56 (q, J� 6.5 Hz, 1 H; H-1'), 4.12 (m, 1H; H-4), 3.84
(dd, J� 11.2 Hz, J� 8.3 Hz, 1H; H-8a), 3.76 (m, 1 H; H-5), 3.65 (dd, J�
11.5 Hz, J� 8.6 Hz, 1 H; H-7a), 3.60 (dd, J� 11.2 Hz, J� 3.9 Hz, 1H; H-8b),
3.54 (m, 1H; H-2), 3.46 (m, 1H; H-6), 3.08 ± 3.01 (m, 1 H; H-7b), 1.42 (d, J�
6.5 Hz, 3 H; H-2'), 1.33 (s, 9 H; C(CH3)3), 0.98 (s, 9H; SiC(CH3)3), 0.18 (s,
3H; SiCH3), 0.11 (s, 3H; SiCH3); 13C NMR (CDCl3): d� 13C NMR
(CDCl3): d� 80.10 (Cq, C�O), 144.53 (Cq, Ar-C), 129.28 (CH, Ar-CH),
128.70 (CH, Ar-CH), 128.04 (CH, Ar-CH), 82.05 (CH, C-2), 81.44 (CH,
C-6), 79.77 (CH, C-1'), 76.87 (CH, C-3), 73.97 (CH, C-5), 69.97 (CH, C-4),
64.10 (CH2, C-8), 63.83 (CH2, C-7), 40.13 (Cq, C(CH3)3), 28.05 (CH3,
C(CH3)3), 26.80 (CH3, SiC(CH3)3), 24.05 (CH3, C-2'), 19.39 (Cq,
SiC(CH3)3), ÿ3.04 (CH3, SiCH3), ÿ4.51 (CH3, SiCH3); IR (ATR): nÄ �
3371, 2931, 2856, 1723, 1456, 1367, 1280, 1248, 1208, 1156, 1123, 1099, 1034,
1011, 963, 943, 835, 773, 700 cmÿ1; MS (140 8C): m/z (%): 359 (1) [Mÿ
C9H13O]� , 335 (12), 317 (8), 233 (3), 216 (4), 215 (29), 185 (5), 171 (2), 159
(8), 147 (6), 143 (4), 129 (3), 117 (5), 106 (17), 105 (100), 85 (5), 80 (3), 77
(3), 75 (10), 73 (9); HRMS: calcd for C17H31O6Si: 359.1889, found:
359.1891.


(4b-(tert-Butyldimethylsilanyloxy)-
2b,6b-bis-hydroxymethyl-5b-hydroxy-
tetrahydropyran-3b-yl) pivaloate (rac-
30): Diol rac-21 b (210 mg,
0.423 mmol) was deprotected with


Pearlman�s catalyst (64 mg) to afford after column chromatography (CH/
EA) rac-30 (156 mg, 94%) as a colourless solid. M.p. 135 8C. NMR signals
were assigned by 2D techniques: 1H NMR (CD3OD): d� 4.77 (m, 1H;
H-3), 4.26 (m, 1 H; H-5), 3.86 (m, 1 H; H-4), 3.77 (dd, J� 11.4 Hz, J�
7.5 Hz, 1H; H-8a), 3.73 (dd, J� 13.05 Hz, 9.8 Hz, 1Hz, H-7a), 3.66 (dd, J�
11.4 Hz, 4.8 Hz, 1 H; H-8b), 3.61 ± 3.53 (m, 3 H; H-2, H-6, H-7b), 1.27 (s, 9H;
C(CH3)3), 0.95 (s, 9 H; SiC(CH3)3), 0.22 (s, 3H; SiCH3), 0.17 (s, 3H; SiCH3);
13C NMR (CD3OD): d� 179.68 (Cq, C�O), 81.66 (CH, C-2), 81.56 (CH,
C-6), 74.86 (CH, C-3), 71.78 (CH, C-5), 70.28 (CH, C-4), 62.91 (CH2, C-8),
63 (CH2, C-7), 40.01 (Cq, C(CH3)3), 27.72 (CH3, C(CH3)3), 26.49 (CH3,
SiC(CH3)3), 19.03 (Cq, SiC(CH3)3), ÿ4.01 (CH3, SiCH3), ÿ4.11 (CH3,
SiCH3); IR (ATR): nÄ � 3397, 2931, 2858, 1732, 1471, 1435, 1391, 1367, 1283,
1246, 1154, 1114, 1099, 1057, 999, 956, 919, 894, 859, 836, 779 cmÿ1; MS
(150 8C): m/z (%): 335 (28) [MÿC4H9]� , 317 (32), 251 (14), 233 (15, 216 (2),
215 (75), 197 (10), 185 (11), 173 (9), 171 (16), 159 (23), 155 (13), 147 (55),
143 (56), 141 (11), 131 (14), 129 (32), 117 (60), 85 (41), 81 (12), 77 (10), 75
(86), 73 (75), 69 (100); HRMS: calcd for C14H27O7Si: 335.1526, found:
335.1525.
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Regioselective Synthesis of a Branched Isomer of Nonylphenol,
4-(3',6'-Dimethyl-3'-heptyl)phenol, and Determination of its Important
Environmental Properties


Joseph O. Lalah,[a, c] Karl-W. Schramm,*[a] Dieter Lenoir,[a] Bernhard Henkelmann,[a]
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Abstract: A method for the synthesis of a pure nonylphenol isomer, 4-(3',6'-di-
methyl-3'-heptyl)phenol, by Friedel ± Crafts reaction between anisole and 3-bromo-
3,6-dimethylheptane that gives a 47.3 % overall yield is reported. The reactions were
followed by GC-MS, and the chemical structures are in agreement with the NMR and
IR spectra. The log Kow value for this compound, its water solubility, vapor pressure,
and Henry�s Law constant were also determined. These physicochemical properties
were required for prediction of the compound�s behavior in aquatic ecosystems.


Keywords: environmental chemistry
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nonylphenol isomer ´ synthesis
design


Introduction


Nonylphenols (NPs) are an important class of isomeric
compounds, available as a mixture of more than 20 isomeric
compounds and used for the production of nonylphenol
polyethoxylate surfactants.[1] The synthesis of single isomers
of nonylphenol has not been reported. The commercial
preparation of NPs is performed through Friedel ± Crafts
alkylation of phenol with technical nonene, a complex
mixture consisting predominantly of nine-carbon olefins and
referred to as propylene trimer.[1, 2] The alkylation reaction
results in a very complex mixture of 90 ± 93 % para-substi-
tuted nonylphenols (both straight- and branched-chain iso-
mers) and minor quantities of ortho isomers. High resolution
chromatography on a 100 m capillary column GC with 400 000
theoretical plates has shown that the branched isomersÐsuch
as 4-(3',6'-dimethyl-3'-heptyl)phenol (7), 4-(3',6'-dimethyl-4'-
heptyl)phenol, 4-(4',6'-dimethyl-4'-heptyl)phenol, 4-(2'-meth-
yl-4'-octyl)phenol, 4-(2'-methyl-2'-octyl)phenol, and 4-(4',6'-


dimethyl-2'-heptyl)phenolÐexist in the product mixture in
higher concentrations than all the other components.[3] These
isomers have also been detected by GC-MS and some of them
separated by HPLC in environmental studies.[1, 4, 5] In the
laboratory, microsynthesis attempts to obtain a single isomer
of ring-labeled 14C-NP by using ring-labeled 14C-phenol and
non-1-ene gave three major isomers: 4-(2'-nonyl)phenol,
4-(3'-nonyl)phenol, and 4-(4'-nonyl)phenol.[2, 4] The isomer-
ization occurs due to the relative instability of the formal
primary carbocation formed from nonene in the presence of
the acid catalyst, which then alkylates the phenol preferen-
tially at the para position.[9] The only other reported
laboratory synthesis attempt involved preparation of a radio-
labeled technical 14C-NP mixture by means of an alkylation
reaction between 14C-phenol and technical nonene.[4]


The synthesis of pure isomers of NP is of interest because of
the known estrogenicity and persistence of this compound in
aquatic environments.[4±6] It has not, however, been estab-
lished which of the isomers are responsible for these estro-
genic effects, since none of the pure single isomers has been
synthesized before to enable such studies. However, a lot of
interest is focused mainly on the branched isomers, due to
their high concentrations in the mixture and the belief that
they may be more estrogenic than the straight-chain isomers.
We have synthesized the branched isomer 4-(3',6'-dimethyl-3'-
heptyl)phenol (7), both as a normal standard and in its 14C-
ring-labeled form for use in toxicity and metabolism studies.
The complex technical mixture of p-nonylphenol isomers has
been well studied and its fundamental physicochemical
properties, useful for prediction of its ecotoxicological behav-
ior, have been reported.[5, 23±26] In order to predict the
environmental behavior and toxicity of the single isomer that
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we had synthesized, we determined some of its major
physicochemical properties, including its octanol ± water par-
tition coefficient (log Kow), water solubility (Sw), vapor pres-
sure (VP), and its Henry�s Law constant (H). These param-
eters were necessary in helping us design experi-
ments to study the distribution, fate, and effects on molluscs
(Lymnaea stagnalis L.) of this isomer in aquatic environ-
ments.


The water solubility of a compound determines its mobility
between environmental compartments and influences its
further distribution from the point of discharge to rivers and
oceans. Water solubilities of organic pollutants also correlate
well with their bioaccumulation potential through a single-
variable linear-regression relationship, by which the often
very high bioconcentration factors (BCFs) in aquatic organ-
isms of organic chemicals with low water solubilities
(<50 mg Lÿ1), such as the organochlorine pesticides and
dioxins, may be predicted.[23] The bioaccumulation and
retention potentials of organic chemicals are therefore
important criteria for their ecotoxicological evaluation both
in terrestrial and in aquatic organisms, especially in cases in
which the acute toxicity of the chemical is low and the
resultant physiological effects on the organisms are not
noticeable until chronic effects are manifested in them.[24]


The BCF also determines the distribution of chemicals in
various target organs in the body of an organism, for example
in the adipose tissue, muscle, liver, brain, and kidney, and is
therefore relevant in studies of phenolic compounds, the
toxicities of which have been reported to increase propor-
tionately with their lipophilicities.[23, 24] Except for chemicals
with very high molecular weights (MWs) and those that are
readily metabolized by target organisms, the tendency of
organic compounds to bioconcentrate has also been shown to
be strongly related to their lipophilicities, expressed in the
form of logKow values.[26] The logKow value of a compound
therefore gives a good indication of its bioaccumulation
potential and is important for the design of toxicity and
metabolism studies in aquatic ecosystems. We used the Flask
and Shake Flask methods for water solubility and logKow


determinations, respectively, as explained in the experimental
section below.


The vapor pressure (VP) of a chemical also influences its
distribution in the environment. In conjunction with external
factors such as wind and tem-
perature, the vapor pressure of
a compound dictates its volatil-
ity in a given environment. The
vapor-pressure value can be
used to calculate the Henry�s
Law constant (H) for the com-
pound, as the ratio of its vapor
pressure and its water solubility.
The Henry�s Law constant of a
compound therefore deter-
mines its vapor exchange across
air ± water interfaces and so is a
good indicator of its persistence
in aquatic environments.[21, 22]


Several physical methods have


been used to measure the vapor pressures of organic
compounds, including the gas-saturation method and the
effusion method, both of which are recommended by the
OECD.[21, 22] Capillary gas chromatography has also been used
to determine the vapor pressures of moderately polar and
nonpolar compounds, for which the GC-determined vapor
pressures correlate well with liquid-phase vapor pressures at
given temperatures.[24] In our determinations, we used the
effusion method, as described in detail in the Experimental
Section.


Results and Discussion


We have synthesized the branched nonylphenol isomer,
4-(3',6'-dimethyl-3'-heptyl)phenol (7) and determined its
important environmental properties, that is water solubility,
logKow, vapor pressure, and Henry�s Law constant, which are
required to be able to predict its distribution and fate in
aquatic ecosystems.[15±18,20±26] The synthesis was accomplished
by means of a Friedel ± Crafts reaction between anisole (5)
and the tertiary alkyl bromide 3-bromo-3,6-dimethyl heptane,
followed by cleavage of the methoxy bond with a Lewis acid,
BBr3 (Scheme 1). The tertiary alkyl bromide, not commer-
cially available, was synthesized by Grignard reaction be-
tween butan-2-one (2) and 1-bromo-3-methylbutane, fol-
lowed by hydrolysis with water to yield 3-hydroxy-3,6-
dimethylheptane (3), which was then heated under reflux in
48 % HBr to yield the required tertiary alkyl bromide 4. In our
reaction, the Grignard reagent 1 was prepared in situ by
dropwise addition of an equimolar amount of 1-bromo-3-
methylbutane to Mg in anhydrous diethyl ether while
stirring.[7] Due to the high reactivity of this tertiary alkyl
bromide, it was not necessary to initiate the reaction by
addition of iodine as is normally done in Grignard reactions.
The reactants were cooled to control the rate of the reaction
and then heated under reflux at 40 8C for 30 minutes before
addition of butan-2-one. There was only a minimal possibility
of side reactions with this tertiary alkyl bromide at the b-
position to give alkenes, and cleavage of the MgÿR bond to
give alkanes was also minimal. Hydrolysis was achieved by the
addition of crushed ice, which produced excess HBr and
precipitated Mg(OH)2, followed by addition of 10 % aq.


Scheme 1. Reaction scheme for the regioselective synthesis of 4-(3',6'-dimethyl-3'-heptyl)phenol (7). i) 10%
NH4Cl; ii) HBr (48%), 1 h, reflux; iii) AlCl3, hydrolysis; iv) BBr3/CH2Cl2, 1.5 h, 0 8C.
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NH4Cl until all the precipitate redissolved. The reaction
proceeded easily to yield 71.3 % of 3,6-dimethylheptan-3-ol
(3) after fractionation by distillation under vacuum (78 ± 82 8C
at 25 mmHg). The identity of this alcohol was also confirmed
by GC-MS and NMR.


A number of methods have been reported for nucleophilic
substitution of hydroxyl groups by bromine ions, including
sulfonation or phosphorylation followed by substitution of the
alkyl sulfate/phosphate by bromide.[8, 9] Sulfonation prevents
the formation of rearrangement products, making the reaction
suitable for primary, secondary, and tertiary alkyl halides,
although tertiary sulfonates are extremely reactive. Sulfona-
tion followed by bromination with PBr3 has also been used
with, for example, pentan-3-ol, although two products, 2- and
3-bromopentane, were obtained in this case.[8] Primary,
secondary, and tertiary alcohols can also be halogenated by
treatment with the appropriate NaX, KX, or NH4X in
polyhydrogen-pyridine solution.[9] The method we used was
based on a simple reported halogenation reaction with HX.[7, 8]


With this method, HBr and HI react easily for all primary,
secondary, and tertiary alcohols, the reactions being per-
formed by refluxing the alcohol in the hydrogen halide
solution for 6 hours. In this case, however, side reactions such
as isomerization and formation of alkenes are also to be
expected. We were able to carry out this substitution by
refluxing the tertiary alcohol 3 in 48 % HBr for one hour
before chilling the reaction by the addition of ice-cold water,
to give an 80.6 % yield of crude product. Fractionation of the
crude product was done by distillation under vacuum (83 ±
91 8C, 23 mmHg) to yield the pure alkyl bromide product
(47.9 %), confirmed by GC-MS and NMR.


A Friedel ± Crafts reaction between anisole (5) and the
tertiary alkyl bromide 4 was achieved by AlCl3-catalyzed
alkylation as reported.[7] This reaction was performed on a
micro scale in order to establish a procedure for synthesis of
the 14C-ring-radiolabeled 4-(3',6'-dimethyl-3'-heptyl)phenol
isomer required for toxicity and metabolism studies. In
Friedel ± Crafts reactions, the polarization of the RÿX bond
increases from primary to secondary to tertiary alkyl bromide,
and electrophilic activity therefore also increases in the same
order. The alcohol requires at least equimolar quantities of
Lewis acid and a water-free environment. Excess anisole was
used in our reaction to get a monoalkylated product and avoid
further alkylation on the benzene ring. Electrophilic substi-
tution reactions at other positions in the benzene ring were
avoided by working at low temperatures; this ensured
predominant substitution at the para position. Our product
isomer was later compared with a similar standard isomer
obtained by a modified macroscale synthesis based on the
procedures followed in this microsynthesis.[27] The identity of
the liquid product, 1-(3',6'-dimethyl-3'-heptyl)-4-methoxyben-
zene, was confirmed by GC-MS (MW 234) and NMR, and had
a refractive index of 1.4909 (21.15 8C); the compound was also
characterized by IR. There were traces (approximately 1 %)
of the ortho isomer apparent in the NMR spectra. The
methoxy bond in the resultant ether was then cleaved to give
the required branched p-nonylphenol isomer. This cleavage
was also done on a micro scale, as explained in the procedure
given in the Experimental Section.


Several procedures for the cleavage of aryl alkyl ethers that
avoid simultaneous cleavage of the phenyl alkyl bonds have
been reported. They include the use of organosilicon com-
pounds such as iodomethyl silane, Lewis acids such as AlCl3


and AlBr3, hydrogen halides, dilute hydrochloric acid, di-
methyl boron bromide, and boron tribromide (BBr3).[10±14] The
reaction conditions with these reagents also prevent any
possibility of attack on the hydroxyl group. Boron tribromide,
for example, has been used effectively for de-ethylation of
aryl alkyl ethers and can cleave linear alkyls of chain lengths
of up to C10, to yield mixtures of products including phenols.[10]


In our microsynthesis, after attempts with BI3 (stirring for
15 minutes in CH2Cl2 at 0 8C, GC-MS analysis of reaction
mixture) had failed to give a reaction, we changed to BBr3,
which we found to be more reactive and a lot cheaper. The
micro reaction was performed by addition of a measured
volume of BBr3 to the reactants in CH2Cl2 and stirring at 0 8C
for 1.5 hours, followed by hydrolysis with water for 1 hour at
the same temperature. We found that both SN1 and SN2
reactions were competing in such a way that re-formation of
large amounts of the alkyl bromide was favored if the reaction
was allowed to run for longer than 1.5 hours. A good yield
(81 %) of crude liquid product was obtained after separation
of the organic phase from the aqueous phase and drying the
product in a rotary evaporator under a vacuum. Unreacted
compounds and other impurities were removed by TLC
separation (TLC plates: silica gel 60F254 (20� 20 cm), solvent:
5 % diethyl ether in n-hexane, UV 254; Rf for 6 : 0.54, Rf for 7:
0.14). The clean product 7 was then analyzed by GC-MS
(MW 220), IR, and NMR. It had a refractive index of 1.5068
(21.15 8C). By HPLC, it was more polar (Rt: 3.1 min) than the
technical mixture (Rt: 5.4 min).


Table 1 shows some of the determined physicochemical
properties of the branched isomer of p-nonylphenol, com-
pared with those reported for the technical mixture.


The structure ± property relationships that apply to hydro-
phobic organic compounds such as chlorobenzenes and
alkylbenzenes have been found to apply to alkylphenols as
well, but the relationships are more scattered for alkylphenols
because of their relatively higher polarity. The correlations
developed for nonpolar organic chemicals cannot therefore
be applied directly to alkylphenols. The physicochemical
properties of the synthesized isomer were found to be
different from those of the technical mixture. From high-
resolution gas chromatography and GC-MS data of the
resolved isomers in the technical isomeric nonylphenol, the
proportion of this isomer in the mixture can be estimated as
less than 10 %, and so its physicochemical properties would
not be expected to be very similar to those of the technical
compound mixture.[1, 3] The logKow value in particular was
lower, although this low value was consistent with the high
water solubility of the compound (ten times that of the
technical compound). Its logKow value is closer to that of the
branched compound 5-tert-butyl-2-methylphenol (water sol-
ubility: 410 at 25 8C, logKow: 2.62 at 25 8C), which has a similar
structure. The tertiary structure of the isomer molecule is
almost symmetrical, and so the molar volume of the molecule
would be expected to be slightly smaller than those of less
branched and straight-chain isomers of p-nonylphenol mole-
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cules. The smaller molar volume would consequently be
expected to affect the water solubility and vapor pressure of
the single branched isomer. The tertiary structure of the single
branched isomer also enhances the polarity of the phenolic
bond and makes it easier for the molecule to form hydrogen
bonds with water molecules; this would also enhance its water
solubility relative to that of a straight-chain isomer. The vapor
pressure of the synthesized single branched isomer was,
however, found to be similar to that of one of the components
of the technical p-nonylphenol mixture resolved by capillary
GC as reported by Bidleman and Renberg, who found vapor
pressures ranging between 5.7� 10ÿ2 and 17.4� 10ÿ2 Pa for
the various resolved isomers at 25 8C.[24] From its logKow value,
the synthesized branched isomer would be expected to have a
slightly lower bioaccumulation potential than technical p-
nonylphenol in aquatic organisms, given the same species of
organisms and exposure concentrations.


From these results, we can conclude that, like other
phenolic compounds, this branched isomer would mainly
tend to be associated with sediments and soils, and its
persistence in the environment would be mainly governed
by its degradation in those media. Its volatilization loss from
water and soil would be relatively less than that for technical
p-nonylphenol, because of its lower air ± water ratio partition
coefficient of 3.25� 10ÿ5 at 20 8C, which is comparable to
those of pentachlorophenol and phenol. Because of its higher
water solubility and lower vapor pressure, the isomer should
be less persistent than the technical p-nonylphenol mixture in
aqueous media. At normal aquatic conditions (pH 7 ± 8),
negligible dissociation of the p-nonylphenol isomer is to be
expected, on the assumption that it has a pKa value close to
the 10.8 reported for the technical p-nonylphenol mixture.[28]


Under these conditions, if the compound were to be dis-
charged through air, it would rapidly be removed and be
deposited in water and soil. Little vapor loss would occur
when discharged into water, but appreciable amounts would
be deposited onto sediment. The air ± water partition coef-
ficient for the branched isomer was found to be ten times
lower than that for the technical mixture (3.44�
10ÿ4 Pa m3 molÿ1 Kÿ1 at 20 8C); this indicates that the isomer
would be less rapidly volatilized from water and therefore
more persistent in aqueous environments than the technical p-
nonylphenol mixture.


Conclusion


All the reaction steps and procedures were found to be
reliable and reproducible. The microsynthesis of pure 14C-
ring-labeled 4-(3',6'-dimethyl-3'-heptyl)phenol (NP) from 14C-
ring-labeled anisole was also achieved in good yield by
following the established microsynthesis reaction procedures
outlined in this paper. This microscale synthesis method is
therefore considered to be a very important synthesis method
both for native and for 14C-radiolabeled forms of the isomer.
The water solubility value (53.69 mg Lÿ1 at 20 8C) and the
logKow value (1.89) found for this isomer were, however,
significantly different from those reported in the literature for
the technical mixture (water solubility: 5.43 mg Lÿ1 at 20.5 8C,
logKow: 4.48).[17, 18] On the basis of the vapor pressure values,
the Henry�s Law constants, and the air ± water partition
coefficients, the branched isomer would be expected to be
more persistent than the technical p-nonylphenol mixture in
aqueous media, although it should tend to show relatively
lower bioaccumulation in sediments and biota, if possible
chemical degradation processes in aquatic environments are
discounted.


Experimental Section


Anisole (density 0.995, 99% pure by GC), Mg turnings (98 % pure), AlCl3


(99 % pure), and butan-2-one (density 0.805, 99% pure by spectrophoto-
metric methods) were obtained from Aldrich, while 1-bromo-3-methyl-
butane (density 1.208, 95 % pure by GC), anhydrous diethyl ether (99.5 %
pure by GC), 48% hydrobromic acid, and BBr3 were obtained from Fluka.


GC-MS determination was performed on GC HP 5890 Series II and MS
Finnigan SSQ 7000 machines; column: J&W DB-5 ms, 60 m, 0.25 mm i.d.,
film thickness 0.10 mm. Temperature program: 60 8C (1.5 min); 7.5 8C minÿ1


to 260 8C (12 min), injection temperature: 250 8C, 1 mL splitless injection:
carrier gas: helium, pressure: 25 psi. MS conditions: full scan from mass 50
to 500, cycle time 0.7 sec, T� 150 8C. HPLC was performed on a Merck
Hitachi System (L-6200A pump, L-4000 UV detector and D-2500
Chromato integrator), column: RP 18, 10 cm long, 5 mm i.d., solvent:
90% methanol in water, flow rate: 1.5 mL minÿ1, isocratic conditions.


NMR spectra were measured with a Bruker DMX 500 NMR spectrometer,
with a 5 mm inverse geometry probehead (908 (1H)� 9.3 ms, 908 (13C)�
9.8 ms) in CDCl3 (d� 7.25, 77.0) at 303 K. Phase-sensitive 1H,13C HSQC,
HSQC-TOCSY (mixing time: 70 ms) and absolute value DQ-COSY NMR
spectra were measured by using Bruker standard software. The assignment
of proton resonances of compounds 6 and 7 was deduced from the HSQC-


Table 1. The determined physicochemical properties of the isomer 4-(3',6'-dimethyl-3'-heptyl)phenol, compared with those of other similar compounds,
obtained from the literature.[a]


Compound Sw [mg Lÿ1] VP [Pa] H [Pam3 molÿ1] log Kow


4-(3',6'-dimethyl-3'-heptyl)phenol 53.69 (pH 5)[c] 1.93� 10ÿ2 [c] 7.91� 10ÿ2 [c] 1.89[c]


3.57� 10ÿ2 [d] 3.4[b][18]


nonylphenol 5.43[e][18] 2.07� 10ÿ2 [c] 8.39� 10ÿ1 [c] 4.48[e][17]


(technical mixture) 6.35[d][18] 3.77� 10ÿ2 [d] 13.1� 10ÿ1 [d]


pentachlorophenol 14[d] (pH 5.1) 2.27� 10ÿ2 [d] 1.27� 10ÿ2 [d] 5.05[d] (pH 5.1)
phenol 88360 (pH 5.1)[d] 42.93[f] 5.0� 10ÿ2 [d] 1.5[d]


4-octylphenol 12.6[e] ± ± 4.12[e]


2-methyl-5-tert-butylphenol 410[d] 3.69[d] 1.35[d] 2.62[b, d]


2,3,5-trimethylphenol 762[d] 2.43[d] 0.43[d] 2.86[d]


[a] Data from the literature were obtained from Wan-Ying Shiu et al.[25] unless indicated otherwise. [b] calcd. [c] 20 8C. [d] 25 8C. [e] 20.5 8C. [f] 24.85 8C.
Note: Experimentally determined log Kow value was lower than that obtained by calculation (3.4) with the formula log Kow�ÿ 0.747� 0.73.[25]
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NMR spectra, assisted by calculations of proton and carbon chemical shifts
with the ACD/Labs (Pegnitz, Germany) HNMR and CNMR predictor
program, version 4.5. IR was performed on a Perkin Elmer Model 552,
from films.


Synthesis of 3,6-dimethylheptan-3-ol (3) from butan-2-one (2) and
1-bromo-3-methylbutane (1): Grignard reaction : Magnesium (12.2 g,
0.502 mol) was added to anhydrous diethyl ether (50 mL) in a reaction
flask. 1-Bromo-3-methylbutane (60 mL, 0.48 mol) was then slowly added to
the stirred mixture from a dropping funnel over one hour. The reaction was
brought to completion by warming on a water bath at 40 8C for 30 minutes
until all the Mg had disappeared. Butanone (36 mL, 0.4 mol, density 0.805
gLÿ1) in anhydrous diethyl ether (65 mL) was then added to this reaction
mixture, while still stirring and warming at 40 8C. After addition was
complete, the reaction was allowed to continue for 2 hours. The reaction
mixture was then cooled in an ice bath and hydrolyzed by the addition of
crushed ice (50 g). Aqueous NH4Cl (10 %, 150 mL) was then added until
the precipitate redissolved. The ether phase was then separated, the
aqueous slurry phase was extracted twice with diethyl ether (100 mL), and
the organic phases were combined. The ether phase was then washed with
10% KHCO3 and dried overnight over Na2SO4, filtered, and evaporated in
a rotary evaporator to yield 76.7 % of the crude alcohol (55.6 g). This crude
product was fractionated by distillation under vacuum (25 mmHg, 87 ±
88 8C) to give pure product (49.6 g, 68.4 %). The identity of the product
was confirmed by NMR.


Synthesis of 3-bromo-3,6-dimethylheptane (4) from 3,6-dimethylheptan-3-
ol (3): 48 % HBr (40 mL, 1.5 mol) was added, with stirring, to 3,6-
dimethylheptan-3-ol (47 g, 0.227 mol). The reaction mixture was heated
under reflux for 1 hour and then chilled by the addition of ice-cold water.
Separation of the two layers was performed rapidly. The alkyl bromide
layer was washed twice with ice-cold water (30 mL), and then twice with
ice-cold 40 % methanol (30 mL). The separated organic phase was
neutralized by shaking in a separating funnel with 10 % KHCO3 (30 mL)
and then rinsed with ice-cold water (30 mL). The product was dried
overnight over Na2SO4. After distillation, a number of by-products
including alkenes were distilled off under vacuum at 83 ± 104 8C
(45 mmHg). The identity of the remaining colorless liquid product was
confirmed by NMR.


Microsynthesis of 1-(3',6'-dimethyl-3-heptyl)-4-methoxybenzene (6) by
Friedel ± Crafts alkylation with AlCl3 : Anisole (130 mg, 1.203 mmol) and
AlCl3 (3.18 mg, 0.0234 mmol) were added with stirring to 3-bromo-3,6-
dimethylheptane (49.2 g, 0.0238 mmol) in n-hexane (30 mL). The mixture
was heated under reflux below 20 8C overnight until no more HBr gas
evolution was observed. Crushed ice was then added to the reaction
mixture to hydrolyze the components, and the organic phase was separated,
washed with distilled water (20 mL) and then with 10% NaOH (10 mL)
solution, and then rinsed again with distilled water (20 mL) until neutral.
The organic phase was then dried overnight over Na2SO4. The solvent was
removed in a rotary evaporator to yield crude 1-(3',6'-dimethyl-3'-heptyl)-
4-methoxybenzene (6) (90.6 mg), together with traces of the ortho isomer
(1% by NMR). The crude product was also analyzed by GC-MS (MW 234)
and then used in its crude form for the second step of the microsynthesis as
detailed below. TLC-purified compound 6 was characterized by IR and
NMR. Refractive index� 1.4909 (21.15 8C); 1H NMR: d� 7.18 (AA'XX',
J� 9.0 Hz, 2H; H2/6,), 6.83 (AA'XX', J� 8.9 Hz, 2H; H3/5,), 3.79 (s, 3H;
OCH3), 1.69 (m, H2'), 1.66 (m, H4'), 1.55 (m, H4'), 1.49 (m, H2'), 1.40 (hept,
H6'), 1.23 (s, 3 H; H38'), 1.01 (tq, J� 11.3, 6.6, 4.7 Hz 1H; H5',), 0.85 (m,
1H; H5'), 0.83, 0.82 (d, J� 6.7 Hz, 6 H; H68/H7'), 0.67 (t, J� 7.5 Hz, 3H;
H1'); 13C NMR: d� 157.09 (C1), 140.08 (C4), 127.41 (C3/5), 113.18 (C2/6),
55.10 (OCH3), 40.56 (C2'), 40.23 (C3'), 35.68 (C4'), 33.24 (C5'), 28.67 (C6'),
23.64 (C38), 22.64, 22.62 (C6'/C7'), 8.62 (C1'); IR: nÄ � 3037, 2958, 2870,
2833, 1611, 1581, 1513, 1465, 1378, 1365, 1298, 1250, 1184, 1040, 826, 780,
757 cmÿ1.


Cleavage of the methyl aryl ether 6 with BBr3 to yield 4-(3',6'-dimethyl-3'-
heptyl)phenol (7): Cleavage of the methyl aryl ether with BI3 failed to give
any detectable amounts of the desired product, and so a change was made
to BBr3. The crude product 6 from the above microsynthesis step was
completely dried in a rotary evaporator and then dissolved in CH2Cl2


(15 mL) in a two-necked reaction flask (with stirrer and reflux). This was
cooled and stirred in an ice/water bath, and BBr3 (5 ± 6 drops, 184 mL,
1.936 mmol) was added to the reactants by pipette. The reactants were then
stirred for 1.5 hours at 0 8C before addition of distilled water (10 mL). The


hydrolysis was left to continue for one hour, after which the two phases
were separated. The aqueous phase was washed with CH2Cl2 (20 mL), and
the combined organic phase was dried overnight over Na2SO4, filtered, and
then concentrated to yield 70.2 mg of crude product 7. This crude product
was confirmed by GC-MS and then purified by preparative TLC (TLC
plate: silica gel, 20 cm� 20 cm; Rf : 0.14 (diethyl ether/n-hexane 10:190)).
The pure compound was then analyzed by GC-MS and NMR and
characterized. Refractive index� 1.5068 (21.15 8C); 1H NMR: d� 7.14
(AA'XX', J� 8.8 Hz, 2H; H2/6), 6.77 (AA'XX', J� 8.8 Hz, 2 H; H3/5); 1.70
(m, H2'), 1.67 (m, H4'), 1.56 (m, H4'), 1.49 (m, H2'), 1.43 (m, H6'), 1.23 (s,
3H; H38); 1.04 (tq, J� 11.3, 6.6, 4.6 Hz, 1H; H5'); 0.98 (m, 1 H; H5'); 0.84,
0.82 (d, J� 6.7 Hz, 6H, H68/H7'); 0.69 (t, J� 7.4 Hz, 3H; H1'); 13C NMR:
d� 152.88 (C1), 140.34 (C4), 127.64 (C3/5) 114.66 (C2/6), 40.59 (C2'), 40.27
(C3') 35.68 (C4'), 33.22 (C5'), 28.65 (C6'), 23.60 (C38), 22.63, 22,61 (C68,
C7'), 8.60 (C1'); IR: nÄ � 3344, 3031, 2959, 2927, 2870, 1612, 1596, 1513, 1466,
1380, 1236, 1181, 827 cmÿ1.


Determination of the logKow value of 7: The isomer standard 4-(3',6'-
dimethyl-3'-heptyl)phenol obtained from a modified macroscale synthesis
procedure based on the above microsynthesis procedures was used for the
determination of its important physicochemical parameters.[27] The deter-
mination of log Kow was performed by the Shake Flask method, as described
in the OECD methods of testing chemicals.[16] From the formula (log Kow�
ÿ0.747� log Sw � 0.73, where Sw is the water solubility in mol Lÿ1), the
log Kow value of the single pure isomer of nonylphenol was estimated to lie
in the range, from ÿ2 to �4, recommended for the Shake Flask
method.[15, 18, 19] The tests were performed at pH 5, conditions under which
it was assumed that the isomer molecules would exist almost completely in
nonionized form, based on the pKa value of 10.8 stated for the p-
nonylphenol technical mixture.[25] Analytical grade octan-1-ol and Milli-
pore water (obtained from a Milli-Q Plus deionizer fitted with a RIOS
system for removal of dissolved organic matter) were used. The Millipore
water had an electrical conductivity of 18.2 M cmÿ1 and TOC< 30 mgLÿ1


(ppb). Saturated stock solutions of octan-1-ol and water were made by
shaking equal volumes of octan-1-ol and water in a 500 mL conical flask on
a mechanical shaker for 24 hours and then allowing the solvent mixture to
stand for six hours in a separating funnel to separate the two phases
completely. 30 mL centrifuge tubes with Teflon caps were used for the tests,
which were performed in duplicate with octan-1-ol/water ratios of 1:5, 1:2,
1:1, 2:1, and 2:1 with a total volume of 30 mL in each centrifuge tube. The
nonylphenol isomer standard (0.0294 mg) containing 14C-labeled non-
ylphenol (0.595 mg) was dissolved in octan-1-ol (60 mL) in a 250 mL conical
flask, and aliquots of 5 mL, 10 mL, 15 mL, 20 mL, and 25 mL were taken
into the centrifuge tubes. Appropriate volumes of water were then added to
each centrifuge tube to make up the volume to 30 mL. The total
radioactivity in the 60 mL stock solution was 578 581 dpm (disintegrations
per minute). The tubes were hand-shaken continuously for 30 minutes and
then placed in a centrifuge (Heraus Biofuge 22R, 4000 rpm for 2 min.) to
separate the octanol/water phases. Aliquots (1 mL) were taken in duplicate
from both phases in each centrifuge tube, by Gilson standard pipette, into
Ultima Gold scintillation cocktail (10 mL) for determination of the amount
of radioactivity. The dpm values obtained from the scintillation counter
were converted into mg values to determine the concentrations of the test
compound in each tube, from which the ratios of concentrations of the
compound in octan-1-ol and water were calculated. A log Kow value of
1.89� 0.0056 was obtained.


Determination of the water solubility (Sw) of 7: From the equation
log Kow�ÿ0.747 log S � 0.73, the water solubility was estimated to be at
least 44.3 mgLÿ1.[15, 18, 19] The experimental value was determined by taking,
in duplicate, excess amounts of standard nonylphenol (29.1 mg) in CH2Cl2


(15 mL). Aliquots of this solution were then added to diatomaceous earth
(600 mg) in glass centrifuge tubes with Teflon caps as follows: 5 mL
(containing 9.70 mg of compound) in tube 1, 4.8 mL (9.31 mg of com-
pound) in tube 2, and 5 mL (9.70 mg of compound) in tube 3. The
solvent was then left to evaporate completely from each tube, leaving
the nonylphenol absorbed onto the dry diatomaceous earth. Distilled
water (25 mL, pH 5) was then added to each of the tubes, which were
incubated at 30 8C under constant stirring for 96 hours. The tubes were
then removed and left to equilibrate at 20 8C prior to centrifugation at
4000 rpm for 10 min. The water samples were then analyzed by
HPLC, which gave an average water solubility value of 53.69 mgLÿ1


(0.244 mol mÿ3) at 20 8C.
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Determination of vapor pressures (VP) and Henry�s Law constants (H) of
compound 7 and of 4-nonylphenol technical mixture : Vapor pressures were
determined by the effusion method.[20, 21] This method is also recommended
by the OECD for the determination of VPs of substances of low
volatility.[22]


The sample was stored in an evaporation stove, acting as an effusion cell
under high vacuum conditions. The VP was calculated from the effusion
rate of the substance. The effusion rate was determined from the
condensation of molecules from the beam on a cooled plate of a highly
sensitive microbalance in a fixed time interval. The VP was measured at six
different temperatures between 23.00 and 48.50 8C, by using triplicate
points for the condensation, as well as impulse methods. From the
regression line, the VP of compound 7 was then calculated to be 1.93�
10ÿ2 Pa at 20 8C and 3.57� 10ÿ2 Pa at 25 8C. The Henry�s Law constant for
this compound was calculated from the relationship H�VP/Sw to be 7.91�
10ÿ2 Pam3 molÿ1 at 20 8C. The VP of 4-nonylphenol (technical mixture) was
also determined to be 2.07� 10ÿ2 Pa at 20 8C and 3.77� 10ÿ2 Pa at 25 8C;
this gave H values of 83.87� 10ÿ2 and 130.61� 10ÿ2 Pa m3 molÿ1, respec-
tively. The air ± water partition coefficient values given by H/RT were
3.25� 10ÿ5 Pa m3 molÿ1 Kÿ1 (20 8C) for the isomer and 3.44� 10ÿ4 and
5.27� 10ÿ4 Pa m3 molÿ1 Kÿ1 (20 8C and 25 8C, respectively) for the technical
nonylphenol mixture.
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Metal Complexation with Langmuir Monolayers of Histidyl Peptide Lipids
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Takeshi Hasegawa,[b] Jujiro Nishijo,[b] and Junzo Umemura[c]


Abstract: Langmuir monolayers made
from peptide-lipid molecules represent a
novel direction in the research areas of
biomimetic interfaces and two-dimen-
sional supramolecular chemistry. Pep-
tide structures and molecular recogni-
tion activities toward other guest mole-
cules have been the focus of previous
study. This study reports the investiga-
tion of metal complexation to histidine-
containing peptide lipids in the organ-
ized Langmuir, Langmuir ± Schaefer, or
Langmuir ± Blodgett films. Three pep-
tide lipids PEP1 ± PEP3, with a histidine
amino acid incorporated in the middle
of the peptide, were designed and syn-
thesized. The monolayer structures and


metal-binding activities of each peptide
lipid and their 1:1:1 molar ratio mixture
were studied by thermodynamic and
spectroscopic techniques. It was found
that hard Lewis acid type metal cations
such as K� and Mg2�, and borderline or
soft metal cations such as Zn2�, Cu2�,
and Cd2� exhibit clearly different bind-
ing activity toward peptide-lipid mono-
layers. The conformational changes of
peptides upon binding with Cu2� and
Zn2� were partially revealed by FT-IR


spectroscopic studies. Furthermore, by
adding a fluorescent-probe lipid to the
peptide monolayer, dramatic fluores-
cence change was observed when Cu2�


or Zn2� bound to the Langmuir and
Langmuir ± Schaefer films of peptide-
lipid monolayers. Metal ± protein com-
plexation plays a crucial role in the
function and activity of proteins and
enzymes. Investigation of metal com-
plexation to organized peptide Lang-
muir monolayers may provide an alter-
native approach for the development of
artificial metalloproteins and novel su-
pramolecular systems or materials.


Keywords: air ± water interface ´
metal complexation ´ monolayers ´
peptides ´ surface chemistry


Introduction


Like the study of proteins and protein-lipid interactions at the
air ± water interface,[1, 2] peptide structures and peptide-lipid
interactions at the air ± water interface have also been of great
interest to chemists in the past.[3±7] However, it is only recently
that Langmuir and Langmuir ± Blodgett films of synthetic
peptides with hydrophobic alkyl tails have arisen as a novel
direction for research, particularly in the areas of biomimetic
interfaces and two-dimensional supramolecular chemistry.
Different from previous research, this new direction focuses
on the assembling process of single, synthetic peptide lipids
into supramolecular species with designed structures and


functions. A few representative works are worthy of particular
mention here. Kunitake�s group started the investigation of
molecular recognition at the air ± water interface between
functional Langmuir monolayers and their guest molecules,
which included peptide-lipid monolayers with small peptide
guest molecules.[8±11] Fields et al. were more interested in the
collagen-like triple-helix structures of peptide-lipid amphi-
philes assembled in Langmuir and Langmuir ± Blodgett films,
and their applications as artificial biointerfaces.[12, 13] On the
other hand, Leblanc�s group focused on the surface-chemistry
technique itself, and recently reported, for the first time, the
application of combinatorial library techniques to Langmuir
monolayer studies.[14] Instead of using one or a few limited
lipid molecules, as in the traditional approach, a peptide-lipid
library was used for monolayer formation. Due to the increase
in molecular diversity in a monolayer, the probability of
finding a matching molecular recognition system for the guest
molecules in which you are intereseted is greatly increased.


The aforementioned previous work, as well as many other
studies on peptide monolayers and peptide-lipid interactions,
has been mainly focused on the molecular structures and
interactions between peptide-lipid monolayers and guest
molecules. In contrast, reports of metal complexation with
peptide lipids in the mobile Langmuir monolayer is very rare.
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Ringsdorf et al. studied metal complexation with a chiral
imidazole amphiphile in Langmuir monolayers.[15] However,
since the polar group only contains an imidazole group and
lacks peptide bonds, this imidazole lipid does not represent
the typical features of peptide lipids at the air ± water inter-
face. In the middle 1990s, TampeÂ et al. synthesized a class of
chelator lipids bearing a nitrilotriacetic acid head group
connected to a hydrocarbon chain through the amino acid
lysine.[16] Thin films of these lipids were found to be highly
sensitive toward nickel ions; they form complexes and thereby
generate binding sites for histidine-tagged fusion proteins.
The nickel ions were known to complex with the three
carboxylic groups from the lipids and the imidazole group
from the histidine amino acid. This type of lipid is essentially a
small organic ligand to nickel ions, not a typical peptide.


A main goal of this study is to investigate metal complex-
ation with small peptide lipids at the air ± water interface.
Moreover, the study of peptide ± metal complexation also has
general significance for the development of chemical- and
biosensors for the detection of metal cations. Despite the fact
that many chemical or peptide ± metal complexes have been
discovered that can be used for chemical sensors, research in
this field remain active due to the need for more sensitive and
specific molecules and materials for biologically important
metal cations.[17±21] As an ideal immobilization technique,
Langmuir ± Blodgett film-based peptide ± metal complex sys-
tems may be used directly for chemo- and biosensor
fabrication.


Histidine is one of the most common amino acid ligands for
the metal cations Cu2� and Zn2� through its imidazole
nitrogen atom. A few histidine-containing small peptides
such as GlyHisGly or GlyGlyHis[22±24] and GlyHisLys[25±28] are
known to form complexes with Cu2� with high binding
constants through a similar binding motif to that illustrated
in Scheme 1. In this binding motif, the amino group from the
N-terminal glycine is known to be necessary for metal
complexation. We previously noticed that if this amino group
is derived with a certain functional group such as nitro-
cinnamic acid, the molecule loses its copper-binding activity in


Scheme 1. A common binding motif between a few small tripeptides and
Cu2�. The shaded N-terminal amino group from glycine is an essential
element for the coordination with Cu2� in solution.


aqueous solution. However, no study has been done to test the
metal-binding activity of these tripeptides at the air ± water
interface, when the N-terminal is linked with a hydrophobic
alkyl chain. Conformational changes in proteins upon ad-
sorption to interfaces is a well-known phenomenon observed
by surface chemists.[1, 2, 29] There are enough reasons for
speculating that hydrocarbon-derived peptide lipids may
exhibit different behavior toward metal complexation at the
air ± water interface than in aqueous solution.


In this study, we chose GlyHisGly as the metal-binding
moiety and stearic acid as the hydrophobic long-tail moiety. It
has to be mentioned that we designed and synthesized three
peptide lipids PEP1 to PEP3 each containing a GlyHisGly
moiety, the second one with an extra alanine, and the third
one with two extra amino acids: glycine and alanine
(Scheme 2). The purpose was to extend the length of the


Scheme 2. Structures of histidine-containing peptide lipids used in the
present monolayer study. From top to bottom: PEP1 C18-GlyHisGly-NH2,
PEP2 C18-AlaGlyHisGly-NH2, PEP3 C18-GlyAlaGlyHisGly-NH2.


peptides and to see the difference between their monolayer
and metal-binding properties. Originally, a second purpose
behind this design was to see, in case a single peptide lipid
could not form the desired structure for metal complexation,
whether the mixture of these three peptide lipids could
accomplish the same goal through the combination of amino
acid ligand histidines from different peptides; an idea based
on the combinatorial surface-chemistry concept proposed
earlier.[14] During the study, we found that the mixed-peptide-
lipid monolayer exhibits almost the same properties and
metal binding activities as each single peptide lipid. The long-
term goal of this research is to investigate the molecular
recognition and metal-complexation activity of mixed-peptide
lipids, even peptide-lipid libraries, in Langmuir monolayers.
Therefore, most of the experimental results presented and
discussed here are the results of the 1:1:1 molar ratio mixed-
peptide-lipid monolayer of PEP1 to PEP3.


Results and Discussion


The peptide lipids were synthesized according to standard
solid-phase peptide synthesis by using FMOC chemistry.[30]
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Rink resin was used for the peptide synthesis so that we could
obtain peptides with carboxamide end groups. Originally,
Wang resin has been used for peptide synthesis and the
peptides thus obtained have a free carboxylic acid end group.
This carboxylic acid end group (pKa around 3.0) is negatively
charged in pure water with a pH near neutral, and we were
concerned that metal cations would exhibit electrostatic
interactions with the peptide lipids instead of metal ± ligand
complexation. Therefore, Rink resin was used to avoid this
problem. The carboxamide group remains uncharged under
the experimental conditions used in this study.


Surface pressure ± area isotherms : The surface pressure ± area
isotherms of each peptide and of the 1:1:1 mixture of the three
peptides were measured in a pure water subphase. In general,
it was observed that all three lipids and their mixture form
stable monolayers at the air ± water interface in this subphase
(Figure 1). The limiting molecular areas obtained for three


Figure 1. The surface pressure ± area isotherms of peptide lipids PEP1 to
PEP3 and their 1:1:1 molar ratio mixture in a pure water subphase (pH 5.8,
20� 1 8C); * PEP1& PEP2, ~ PEP3, ^ mixture.


peptides are close to each other at around 25 �2 per molecule;
this is approximately equivalent to the cross-section of one
alkyl chain. However,the shape of each isotherm varies
slightly from one to the other. The surface pressure starts to
lift with larger molecular area, compare the PEP3 with the
PEP2 and the PEP2 with the PEP1 monolayer. While PEP1
exhibits a clear solid condensed phase, a kink point was found
for the PEP2 and PEP3 monolayers at around 22 �2 per
molecule; this indicates the collapse of the monolayers at this
stage. These differences should be due to the lengths of the
peptides on the lipids. For the mixture sample, the monolayer
changes from a liquid expanded phase within a large
molecular area range to a liquid condensed phase until it
collapses at a relatively low surface pressure relative to the
single peptide-lipid monolayer. The limiting molecular area of
the mixed monolayer is approximately the sum of three
peptide-lipid monolayers.


To examine the binding behavior of peptide-lipid mono-
layers with metal cations, we chose three types of metals to
study: hard Lewis acids such as K�, Mg2�, soft Lewis acids


such as Cd2�, and borderline Lewis acids including Cu2� and
Zn2�. According to hard Lewis acid ± hard base and soft Lewis
acid ± soft base rules, Cu2� and Zn2� should exhibit the highest
degree of complexation with the peptide-lipid monolayer,
since the imidazole nitrogen on histidine is a borderline
base.[31]


Subphases containing different concentrations of metal
salts were prepared and adjusted to approximately pH 6.0
before monolayer formation. The surface pressure ± area
isotherms of each peptide lipid and the 1:1:1 molar ratio
mixture monolayer in these subphases were measured. Since
each single peptide lipid and the mixture all exhibit very
similar isotherm changes in different subphases, only the
results of the mixed-peptide-lipid monolayer are shown here
(Figure 2). From surface pressure ± area isotherm measure-
ments, one can see that in subphases with hard Lewis acid type
cations such as K� and Mg2�, the molecular areas of the
monolayer exhibit no or a very slight increase compared with


Figure 2. The surface pressure ± area isotherms of 1:1:1 molar ratio mixed-
peptide-lipid monolayers in subphases with the presence of different metal
cations. All the subphases containing metal cations were adjusted to
�pH 6.0 prior to measurement. a) Hard Lewis acid type cations: ÐÐ
water, & KCl 10 mm, & MgCl2 10mm. b) Borderline (soft) Lewis acid type
cations: ^ water, & ZnCl2 1mm, & CuCl2 1mm, * CdCl2 10 mm.
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the pure water subphase (Figure 2a). In contrast, in subphases
with borderline (hard-soft) metal cations such as Cu2� and
Zn2�, the area per molecule of the monolayer significantly
increased compared with the pure water subphase (Fig-
ure 2b). The maximum molecular area expansion reaches as
high as 80 �2 per molecule at the surface pressure lifting point
in the subphase with Cu2� compared with the pure water
subphase, even at a Cu2� concentration of 1 mm. Furthermore,
it was found that with soft metal cations such as Cd2� present
in the subphase, the molecular area is also significantly
expanded; although with less expansion than that found for
Zn2� and Cu2� subphases. At the same concentration, Cu2�


causes greater expansion than Zn2� (1 mm), and Zn2� causes
greater expansion than Cd2� (10 mm). The molecular area
expansion follows the order Cu2�>Zn2�>Cd2��K� and
Mg2�. According to the hard ± soft acid ± base matching rule,
the sequence for different metal cations to form complexes
with the imidazole group from histidine is expected to be
Cu2�, Zn2�>Cd2��K� and Mg2�.[31] The binding activity of
the peptide monolayer toward different metals cations
observed from isotherm measurements matches very well
with the hard and soft acid ± base rule. From this experimental
result, we may suggest that it is very likely that the monolayer
uses the imidazole groups or the amide nitrogens from
peptides to coordinate with their matching metal cations.


FT-IR spectroscopic study of metal complexation within
Langmuir ± Blodgett films : The interaction between Cu2� and
Zn2� cations and the mixed-peptide monolayer was further
characterized by FT-IR spectroscopy. FT-IR spectra of one-
layer Langmuir ± Blodgett films of mixed-peptide monolayers
deposited on a gold-evaporated glass slide from pure water,
ZnCl2 (10ÿ5m) and CuCl2 (10ÿ5m) subphases at different
surface pressures were recorded (Figure 3a to c). Of particular
interest for the analysis of the secondary structure of peptides
and proteins are, inter alia, the amide I band at 1600 ±
1750 cmÿ1, amide II band around 1500 ± 1600 cmÿ1, and amide
III band around 1200 ± 1350 cmÿ1; these can all be found in the
spectra of the peptide monolayer in three subphases. Analysis
of the peptide structures of Langmuir and Langmuir ±
Blodgett (LB) films by using FT-IR spectroscopy remains
challenging due to complications from the techniques used to
measure spectra at the air ± water interface or LB films
compared with the work done in free solution. All three
amide bands, plus the amide A band, can be used to assign
peptide secondary structures, as reported.[5, 6] However, from
our study, we particularly found that structural analysis
through comparison of amide I and amide III can bring a
much clearer assignment.[32a] The results are discussed below.


In the peptide monolayer from the pure water subphase, the
amide I band changes its position from 1689 to 1691 cmÿ1


when the surface pressure is increased from 7 to 25 mNmÿ1


(Figure 3a), which is not significant. The amide I band around
1690 cmÿ1 is an indication of antiparallel pleated-sheet
structure.[32a] Therefore, from this band, it may be suggested
that peptides adopt an antiparallel b-sheet structure in the
monolayer. This conclusion was further supported by the
appearance of an amide III vibration band at 1240 cmÿ1, which
is a typical amide III band for b-sheets.[32a,b] A smaller band


Figure 3. FT-IR spectra of one-layer Langmuir ± Blodgett films of mixed-
peptide-lipid monolayers deposited from different subphases at different
surface pressures: a) pure water, b) Cu2� (10ÿ5m), c) Zn2� (10ÿ5m).


around 1295 cmÿ1 suggests that unordered structure also
exists in the peptide monolayer. A very small band at
1255 cmÿ1 supports the coexistence of b-sheet and unordered
structures. In contrast to what happens in free solution, short
peptide lipids tend to form b-sheet-like structures at the air ±
water interface. This phenomenon was also noticed by
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Kunitake�s group during the study of dipeptide-lipid mono-
layers.[10, 11]


Another interesting point in the IR spectra of peptide
monolayers from the pure water subphase is the appearance
of a new band at 1724 cmÿ1 at a high surface pressure. It is
generally recognized that the amide I band derived from
proteins appears at wavenumbers lower than 1700 cmÿ1 due to
the extensive hydrogen bonding between amide and water
molecules. Theoretical calculation gives the non-hydrogen-
bonded amide I vibration band at approximately
1720 cmÿ1.[32c] For the peptide monolayer studied here, it is
possible that, at low surface pressure, the peptide moieties
including all C�O groups are embedded in the water phase.
Hydrogen bonding is present between C�O groups and water
molecules; this leads to the observed vibration band at the
relatively low wavenumber of 1690 cmÿ1. With increased
surface pressure, part of the peptide moieties may be pushed
to the air, that is, some C�O groups may leave the water phase
and become oriented toward air. If this occurs, the C�O
groups are no longer hydrogen bonded with water molecules;
this leads to the observed vibration band at the much higher
wavenumber of 1724 cmÿ1.


When Cu2� cations bind to the monolayer, a structural
change in the peptides compared with the LB film from the
pure water subphase can be clearly seen from its IR spectra
(Figure 3b). At the low surface pressure of 5 mN mÿ1, the
amide I band appears at 1680 cmÿ1, approximately 10 cmÿ1


lower than that found in the pure water subphase. It is known
that the antiparallel b-sheet structures of proteins give
vibration bands at higher wavenumbers around 1690 cmÿ1,
while turn structures give vibration bands at slightly lower
wavenumbers around 1680 cmÿ1, and a-helices normally lead
to vibration bands at around 1640 cmÿ1.[32a,b] Although over-
lapping can be often found in the vibration bands of b-sheet
and turn structures, as far as the IR spectra of the peptide
monolayer in the pure water subphase is concerned, it is more
reasonable to assign this band at 1680 cmÿ1 to the turn
structure of peptides in the monolayer. Checking more
closely, the amide III vibration region, the band at
1240 cmÿ1 corresponding to b-sheet structures, is almost
negligeable until a high surface pressure of 35 mNmÿ1 is
reached; this suggests the disappearance of b-sheets in the
monolayer upon binding with Cu2�. Similar to that found on
the LB film of peptide monolayers from the pure water
subphase, unordered structure may also exist in this peptide/
Cu2� monolayer, since a small band at around 1295 cmÿ1 can
be identified.


Of more interest is that the band at 1724 cmÿ1 observed for
the pure water subphase at high surface pressure never
appears in the spectra of peptide/Cu2� monolayer. This
dramatic difference may be attributed to the conformational
change in peptides in the monolayer upon binding with Cu2�.
Complexation between the Cu2� and peptide moieties leads to
disruption of the b-sheets and the formation of turn structures,
or even unordered structures. This turn or unordered struc-
ture possibly maximizes the hydrogen bonding between
peptides and water molecules, so as to keep the peptide
moieties inside water phase without being pushed into the air
phase even at high surface pressure. From the character-


ization of LB films, the structural difference between the
Cu2�-bound and unbound peptide-lipid monolayers at the
air ± water interface may be expressed with a model as shown
in Figure 4.


Figure 4. A model to illustrate the structural change of the mixed-peptide-
lipid monolayer upon binding with Cu2� cations at the air ± water interface.


On the other hand, when Zn2� is present in the subphase at
the low concentration of 10ÿ5m, the IR spectra of the mixed-
peptide-lipid monolayers exhibit only some slight differences
from those of the pure water subphase (Figure 3c). Tracing the
amide I band, it was found that at low surface pressure this
band appears at 1683 cmÿ1, slightly lower than that found for
the pure water subphase. The amide III bands corresponding
to unordered and b-sheet structures appear at 1295 and
1240 cmÿ1, respectively. Then at higher surface pressure, from
13.5 mN mÿ1, a new band also appears at higher wavenumber
around 1724 cmÿ1. This means that, with the presence of Zn2�


in the subphase at a concentration of 10ÿ5m, the binding of
Zn2� to the monolayer is not strong enough to hold the
peptide in water subphase at high surface pressure. It seems
that the binding of Zn2� to the peptide monolayer at low
concentration does not alter the secondary structure of the
peptide significantly. The analysis of the IR spectra of the
mixed-peptide-lipid monolayer from different subphases
points to the fact that the peptide monolayer exhibits different
binding properties and activities towards Cu2� and Zn2�


cations. The fluorescence spectroscopic studies discussed
below also support this conclusion.


Fluorescence spectroscopic studies : Originally, we measured
the UV/visible absorption spectra of the mixed-peptide
monolayer directly at the air ± water interface with metal
cations present in subphases. However, no significant differ-
ence was observed for monolayers in subphases with metal
cations compared with those in the pure water subphase,
although it is known that many metal ± protein or metal ±
peptide complexes exhibit charge-transfer absorption bands
in the visible region. Possibly the extinction coefficient arising
from the metal ± peptide binding is too small to be detected,
especially for the Langmuir monolayers.


We then employed fluorescence spectroscopy to study the
complexation. A fluorescent lipid molecule 5-(octadecanoyl-
amino) fluorescein (ODFL) was added to the peptide-lipid
solutions at 1 % molar ratio as a probe.[33, 34] Again, since it
was found that the single peptide-lipid monolayers and the
mixed monolayer exhibit very similar fluorescence properties
upon binding with metal cations, only the results of the mixed-
peptide-lipid monolayer are shown here. In Langmuir mono-
layers with pure water as the subphase, the fluorescence
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intensity is highest before the compression or at the very early
stage of compression (Figure 5, solid lines). With continuous
compression of the monolayer, the fluorescence starts to
decrease due to the aggregation of lipid molecules in the
monolayer. In the K� or Mg2� subphase, the monolayer
exhibits a very similar fluorescence change upon compression
to that observed for the pure water subphase (data not shown
here).


Figure 5. The fluorescence spectra (excitation 490 nm) of mixed-peptide-
lipids monolayer at the air ± water interface in pure water, ZnCl2 (1 mm),
and CuCl2 (10ÿ5m) subphases. Fluorescent-probe ODFL was added to the
peptide monolayer in 1% molar ratio: ÐÐ water, - - - - ZnCl2, -*- CuCl2.
The arrows indicate the direction in which the surface pressure (given in
mN mÿ1) increases.


On the other hand, strikingly different fluorescence
changes were obtained from Cu2� and Zn2� subphases. In
the Cu2� subphase with a concentration of 10ÿ5m, the
fluorescence is completely quenched (Figure 5, bottom) even
before any compression. With continuous compression, no
observable fluorescence was detected. However, in the Zn2�


subphase (1 mm), the monolayer exhibits the opposite fluo-
rescence change to the pure water subphase. With continuous
compression, the fluorescence intensity significantly increased
with increased surface pressure (Figure 5, dashed lines). We
noticed that if the concentration of Zn2� is less than 10ÿ5m, the
fluorescence change of the monolayer is not so obvious; this
suggests a much weaker binding between Zn2� and peptides
than between Cu2� and peptides.


Further interesting fluorescence changes have been noticed
with the binding and dissociation of Cu2� from Langmuir ±
Schaefer films (touching deposition) of mixed-peptide-lipid
monolayers. First, complete fluorescence quenching was
observed from the one-layer Langmuir ± Schaefer (LS) film
deposited from a CuCl2 subphase (10ÿ5m, pH 5.9) at a surface
pressure of 15 mNmÿ1 onto a glass slide (Figure 6, solid line
with open circle). The LS film was then dipped into a 0.01n
HCl solution for 5 min, rinsed with deionized water, and
dipped in deionized water for another 5 min to obtain pH
equilibrium. The fluorescence intensity from this film re-
turned back to a value similar to the LS film obtained from the
pure water subphase (Figure 6, dashed line with open circle).
Then the film was dipped into a 10ÿ7m Cu2� solution for 5 min


Figure 6. The reversible fluorescence spectral change (excitation 490 nm)
of ODFL-labeled mixed-peptide-lipid Langmuir ± Schaefer films upon
binding with Cu2� cations at different concentrations and dissociation with
0.01n HCl. ±*± deposited LS film from CuCl2 subphase (�10ÿ5m); - -*- -
washed with 0.01n HCl, first time; ±&± incubation in CuCl2 solution
(�10ÿ7m) 5 min; - -&- - washed with 0.01n HCl, second time; ±&±
incubation in CuCl2 solution (�10ÿ9m) 10 min.


followed by rinsing with pure deionized water. Fluorescence
quenching was again observed from the same film (Figure 6,
solid line with open square). The same process was repeated
for the same film and reversible fluorescence increase and
quenching were observed repeatedly after washing the film
with 0.01n HCl (dashed line with open square) followed by
incubation in CuCl2 solution at concentrations of 10ÿ9 (solid
line with solid square) and 10ÿ11m for 10 ± 20 min. In Cu2�


solution at concentrations as low as 10ÿ13m, after incubation
for one hour about 50 % fluorescence quenching was ob-
served. Individually, all three peptide-lipid one-layer LS films
were found to cause similar reversible fluorescence quench-
ing/restoration as discussed here for mixed-peptide-lipid
monolayers upon binding/dissociation with Cu2�.


This result indicates that Cu2� cations bound to the peptide
monolayer when it was formed in the CuCl2 subphase and that
the bound Cu2� cations were dissociated from the binding
sites when the binding sites were protonated under acidic
conditions. It is impossible that the fluorescence increase or
restoration of the peptide monolayer after incubation in
acidic solution is due to the effect of protonation of the
fluorescence probe ODFL itself, because the film was
equilibrated in pure water for 5 minutes before spectra were
taken and, furthermore, under acidic conditions the fluores-
cence from ODFL decreases rather than increases.[35] This
result supports the previous suggestion that Cu2� cations are
complexed with the peptide monolayer through the imidazole
nitrogen ligand from histidine. The pKa of the histidine
imidazole nitrogen is known to be around 6.0. In the pure
water subphase with a pH around 6.0, about 50 % of the
imidazole groups are deprotonated; this makes these depro-
tonated nitrogens ready to complex with Cu2�. Under acidic
conditions, at pH 2.0, the protonated imidazole nitrogen is at
an almost 104-times greater concentration than the deproto-
nated; this leads to the observed dissociation of Cu2� cations
from peptide monolayer.
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A general approach for developing fluorescent metal-
cation sensors based on the complexation between peptides
and metal cations is to attach a fluorescent probe covalently to
a peptide known to complex with a specific metal cation.[17±21]


The conformational change in the peptide introduces a
conformational change in the fluorescence probe; this leads
to a fluorescence change in the whole molecule. The
interesting point about this new peptide monolayer/Cu2�


system is that the fluorescent lipid ODFL is only physically
mixed with the peptide monolayer at 1 %, but the binding
activity of Cu2� cations to the peptide monolayer is excep-
tionally high compared with some existing fluorescent probes
for Cu2�, such as GlyGlyHis derived with fluorescein iso-
thiocyanate (FITC), which can only be used to detect Cu2�


cations at the submicron molar level.[36] GlyHisLys is another
tripeptide that strongly binds with Cu2� with a binding
constant as high as 1016mÿ1, as mentioned in the introduc-
tion.[25±28] However, after attaching an anthracene group to the
lysine-side-chain amino group, we could only observe obvious
fluorescence quenching upon binding with Cu2� at concen-
trations higher than 10ÿ7m.[37] A recently reported nonpeptide
fluorescent sensor for aqueous Cu2� from the combinatorial
library approach requires 20 minutes of incubation to detect a
Cu2� concentration of 5� 10ÿ8m.[19] However, this work
involves a much more complicated synthesis of ligand
molecules for metal complexation.


We attempted to test the fluorescence reversibility of the
mixed-peptide monolayer upon binding/dissociation with
Zn2�. At the same deposition surface pressure (15 mN mÿ1),
the fluorescence intensity of the monolayer film deposited
from the Zn2� (10mm) subphase is much stronger than that of
the pure water/monolayer film (Figure 7, solid lines with open
and solid circle, respectively), corresponding to what was
observed at the air ± water interface. The film was then dipped
into a 0.01n HCl solution for five minutes followed by
washing and incubation in pure water for five minutes. The
fluorescence intensity of this film (Figure 7, thin dashed line)
was found to decrease to a value approximately equivalent to
that observed for the pure wa-
ter/monolayer film; this indi-
cated dissociation of Zn2� from
the monolayer. However, re-
incubation of this film in Zn2�


solution, even at a concentra-
tion of 1 mm for 20 minutes, did
not increase or restore the fluo-
rescence intensity up to the
value seen for the original
Zn2�-bound LS film (Figure 7,
thick dotted line); this suggests
an irreversible dissociation of
Zn2� from the peptide mono-
layer.


This different effect of Cu2�


and Zn2� on the fluorescence
change of the monolayer may
reveal something about the dif-
ferent binding motifs of Zn2�


and Cu2� to peptides. As dis-


Figure 7. Fluorescence spectral change (excitation 490 nm) of ODFL-
labeled mixed-peptide-lipid Langmuir ± Schaefer films upon binding with
Zn2� cations and dissociation with 0.01n HCl; compared with LS film
deposited from pure water subphase. * film from ZnCl2 subphase, - - - -
washed with 0.01n HCl, ± ±± dipped in ZnCl2 solution (1mm) 20 min, * film
from pure water subphase.


cussed for the IR spectra, Zn2� complexation to the peptides is
a weak binding and does not change the conformation of
peptides significantly. Therefore, it is more likely that Zn2�


binds to the peptide monolayer by coordinating with imida-
zole groups from different peptides as shown in Figure 8a. In
this configuration, the distance between fluorescence probe
molecules is large enough, and fluorescence quenching due to
close packing is inhibited. With continuous compression, we
even observed the fluorescence increase of the monolayer
(Figure 5) due to the lateral density increase. Upon proto-
nation and dissociation of Zn2� cations from the monolayer,
the peptides interact together again possibly through hydro-
gen bonding to form a compact b-sheet structure, thus
preventing reversible binding of Zn2� to the monolayer.


On the other hand, binding of Cu2� causes a reversible
change of the peptide structure from b-sheet to turn. This


Figure 8. Models to explain the irreversible fluorescence increase (a) and reversible fluorescence quenching (b)
of the mixed-peptide monolayers upon binding with Zn2� and Cu2�, respectively.
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structural change probably results in some direct interactions
between the fluorescein moiety and the Cu2� cations or
peptides, and leads to the fluorescence quenching (Figure 8b).
Since the structural change is reversible, the fluorescence
change is also reversible. At this stage of study, it is impossible
to obtain a very clear model for describing the different
binding mechanisms of Cu2� and Zn2� to the peptide
monolayer. It would be ideal to examine the far-IR spectral
region (lower than 900 cmÿ1) to obtain metal ± ligand coordi-
nation information; however, the band intensity of a one-
layer LS film in this region is so weak that no conclusion
can be drawn from the spectra. A more detailed analysis of
the monolayer structures directly at the air ± water inter-
face by FT-IR spectroscopy is required for further investiga-
tions.


Conclusion


In summary, we report here a new Langmuir monolayer
system made from peptide or mixed-peptide lipids with metal
complexation activity toward Cu2� and Zn2� cations. We
reached an important conclusion that in Langmuir or
Langmuir ± Blodgett films peptides may adopt completely
different secondary structures and exhibit different functions
than in free solution; a behavior similar to proteins at the
interfaces, but much less studied and understood. As a
dynamic process, Langmuir monolayers provide a unique
tool for controling the assembling structure of lipid molecules
at an interface and an alternate approach in the design and
creation of novel two-dimensional molecular recognition
systems. Metal complexation with peptides in free solution
is a well-studied topic for bioinorganic chemists, and the
investigation of this particular molecular recognition system
at the interfaces may find some new potential applications in
the development of nano-scale functional thin films or as
biomimetic interfaces.


Experimental Section


The synthesis of peptide lipids PEP1 to PEP3 : FMOC-protected amino
acids and Rink resins were obtained from Advanced ChemTech. Other
reagents, solvents, and stearic acid for the synthesis of peptide lipids were
purchased from Aldrich. The synthesis of the three peptide lipids was
accomplished by using solid-phase 9-fluorenylmethoxycarbonyl (FMOC)
chemistry with diisopropylcarbodiimide/1-hydroxybenzotriazole in situ
activation. The coupling and deprotection cycle followed the literature
procedure.[38, 39] FMOC-protected amino acids were added to the Rink
resin in fivefold molar excess to amino groups from the resin at a
concentration of 0.3m. After the coupling of the last amino acid residues,
the resins were incubated overnight in a solution of the succinamidyl ester
of stearic acid in dichloromethane at a concentration of 0.1m. After being
washed with dichloromethane and dried with methanol, the peptide lipids
were cleaved from the resin by incubating the resin in CF3COOH/H2O
(95:5, v/v) for two hours. The cleavage solution was concentrated in vacuo.
The oil residue was precipitated from cold, deionized water, washed with
cold, deionized water (5 ± 8� ), benzene (once), and cold ether (once), and
then centrifuged. After lyophilization, the product was used for the surface
chemistry study without further purification. Analysis by HPLC indicated
that the purity of each peptide lipid was more than 95%.


Experimental conditions for surface chemistry studies : HPLC-grade
chloroform and methanol were obtained from Fisher Scientific. The
peptide lipids were dissolved in chloroform/methanol (5:1, v/v) to a
concentration of 1.0mm and mixed together in 1:1:1 molar ratio as a
mixture sample. The injected volumes were 25 mL for mixed-peptide lipid
samples and 60 mL for pure lipid samples. After the sample had been
spread, the solvent was allowed to evaporate for 15 min. The water used for
the monolayer study was purified by a Modulab 2020 water purification
system (Continental Water Systems Corp., San Antonio, TX). The water
had a resistance of 18 MWcm and a surface tension of 72.6 mN mÿ1 at 20 8C.
The chlorides CuCl2, ZnCl2, CdCl2, KCl, and MgCl2 used for subphase
preparation were purchased from Aldrich and were dissolved in deionized
water to different concentrations. All the subphases were adjusted with 1n
NaOH or HCl solution to pH 6.0, if the pH of the metal subphases was not
around this value. The adjusted subphases were allowed to stabilize in air
for one to two hours before use. Since no buffer was used for the study, each
subphase was freshly prepared before the experiment. The after-experi-
ment test of the subphase indicated that the pH variation was less than 0.2
before and after experiments. The compression rate was set at 4 �2 per
molecule per minute for the surface pressure ± area isotherm measure-
ments.
All the experiments were conducted in a clean room class 1000 where the
temperature (20� 1 8C) and the humidity (50� 1 %) were controlled. The
Langmuir trough used for the surface pressure measurements was a
KSV 2000 mini-trough with dimensions 7.5 cm� 30 cm. The surface pres-
sure was measured by the Wilhelmy method, the sensitivity of the
Wilhelmy plate being �0.01 mN mÿ1. All the isotherm measurements were
repeated three times, and the isotherms presented are the averages of these
three measurements. The difference between the average isotherm and any
of the three individual isotherms is �1 �2 per molecule.


FT-IR spectroscopic study of Langmuir ± Blodgett films : Mixed-peptide
monolayers in water, Cu2� (10ÿ5m), and Zn2� (10ÿ5m) subphases were
prepared and compressed to the surface pressures ready for deposition.
The monolayers were transferred onto a gold-evaporated glass slide by
vertical dipping to form one-monolayer LB films. (A gold layer 300 nm
thick was deposited on a chromium layer, which stabilizes the gold layer
during the evaporation process.) The Langmuir ± Blodgett depositions were
performed on a Kyowa Interface Science (Saitama, Japan) HBM LB film
apparatus at 25 8C. The subphase water was pure, with a pH of about 6.0.
Infrared reflection-absorption (IRRA) spectra were measured by a Nicolet
(Madison, WI) Magna 850 FT-IR spectrometer with a deuterated triglycine
sulfate (DTGS) detector at a modulation frequency of 5 kHz. For the
reflection measurements, a Harrick Scientific (Ossining, NY) RMA-1DG/
VRA variable-angle reflection attachment was used in the FT-IR sample
room. The angle of incidence was fixed at 808 from the surface normal. The
p-polarized infrared ray for the IRRA measurements was generated
through a Hitachi (Tokyo, Japan) wire-grid infrared polarizer made of
AgBr. The measurement temperature was maintained at 25 8C.


Fluorescence spectroscopic studies : The fluorescence emission spectra
were recorded with a Spex Fluorolog 1680 spectrophotometer. For the
measurement of emission spectra of the labeled monolayer directly at the
air ± water interface, an optical fiber probe with a probing area of 0.25 cm2


was placed 1 mm above the water surface. The excitation light was
transmitted through the optical fiber from the light source to the
monolayer, and the emission light from the monolayer was also sent back
to the detector through the optical fiber. For the measurement of
fluorescence from Langmuir ± Schaefer films, the monolayers were trans-
ferred to the hydrophobic glass slide by horizontal lifting. The glass slide
used for the deposition was pre-cut to exactly fit the 1 cm fluorescence
cuvette with an angle of 458 facing both the incidence and emission light
beams to ensure the accuracy and reproducibility of each measurement.
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Crucial Influence of Solvent and ChiralityÐThe Formation of Helices and
Three-Dimensional Nets by Hydrogen-Bonded Biimidazolate Complexes


Lars Öhrström,* Krister Larsson, Stefan Borg, and Stefan T. Norberg[a]


Abstract: Deprotonation and recrystallisation of racemic [Co(2,2'-biimidazole)3]-
[NO3]3 by ammonia in water/dimethylformamide solutions gave crystals of [Co-
(Hbiim)3] ´ 0.8 H2O ´ 0.5 DMF (2 : Hbiim�monoanion of 2,2'-biimidazole, DMF�
dimethylformamide), a porous material that contains fourfold interpenetrating
(10,3) three-dimensional nets formed by neutral, hydrogen-bonded [Co(Hbiim)3]
units, with DMF molecules in the narrow channels. Recrystallisation of [D-Co(2,2'-
biimidazolate)3] gave helices instead of the expected (10,3)-a net. These results are
discussed in the light of additional density functional theory and molecular
mechanics calculations and the X-ray structure of [Co(H2biim)3][NO3]3.


Keywords: cobalt ´ crystal engineer-
ing ´ hydrogen bonds ´ N ligands ´
supramolecular chemistry


Introduction


For a century or so, synthetic chemistry has been directed at
the rational preparation of either discrete molecules or solid
phases. However, lately another goal has been set: the
rational synthesis of assemblies of molecular units forming
predictively designed, infinite three-dimensional networks,
preferably with built-in features like porosity[1] or magnet-
ism,[2] so-called molecular-based materials.[3]


An attractive goal is the synthesis of (10,3)-a nets (Fig-
ure 1b),[4] which are chiral and form structures with large
channels. The quest for such new porous materials is currently


Figure 1. Ideal network topologies: a) the honeycomb net and b) the chiral
(10,3)-a net. If the repeating unit is [Co(Hbiim)3] then in b) all centres have
the same chirality, and in a) the centres have alternating chirality, D or L.
The dotted box in b) shows a single helix corresponding to compound 4.


a very active area, incorporating classical zeolite-type materi-
als,[5] inorganic[6] and organic chemistry,[1, 7] and even pro-
teins.[8] Recent examples of molecular-based porous materials
are interconnected ZnII and CuII carboxylate clusters, achi-
ral[9, 10] and chiral,[11] chiral (4,4) or (10,3) nets,[12, 13] axially
interconnected metalloporphyrins,[14] and three-dimensional-
interpenetrating CuII ± bis(pyridyl) two-dimensional nets.[15] It
is significant that all these examples are based on transition
metal chemistry with its richness of coordination geometries;
lanthanides have also lately been used for this purpose.[16]


The ligand 2,2'-biimidazole, in its various stages of depro-
tonation, has been used to create many different types of
networks with NiII, CuII, CoIII and FeIII.[17] When monodepro-
tonated it has the attractive feature of being able to form
autocomplimentary hydrogen bonds; hence, molecules like
[Co(Hbiim)3] (Hbiim� the monoanion of 2,2'-biimidazole)
have the possibility to ªself-assembleº into extended struc-
tures (Scheme 1). A consideration of the topology would
predict the formation of (10,3)-a nets (Figure 1b) from
enantiomerically pure [Co(Hbiim)3] (1),[18] possibly with one
or more nets interpenetrating.[13] On the other hand, racemic
material should give either stacked[19] or interpenetrating[20]


honeycomb two-dimensional nets with alternating D and L


Scheme 1.
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chirality at the branching points (Figure 1a). In this study, we
report two new extended networks based on the [Co(Hbiim)3]
molecule and show that this simplistic approach is far from
reliable.


Results and Discussion


A three-dimensional net and [Co(H2biim)3][NO3]3 : In agree-
ment with the argument above, Tadokoro et al. reported that
crystals of [Co(Hbiim)3] grown in methanol/ethyl acetate
mixtures form stacked hydrogen-bonded honeycomb nets
with large porosity.[21] However, we found that the deproto-
nation of racemic [Co(H2biim)3][NO3]3 by ammonia in water/
DMF instead gave crystals of the compound 2. The basic
structural unit is a (10,3) net with interconnected helices
formed by the sequence -D-D-L-L- along the a and c axis and
-L-D-L-D- helices along the b axis giving slightly oval pores
23� 11 � wide, see Figure 2. The Hbiim ± Hbiim bridges are
essentially planar (average deviation 78) except for two in
each ten-membered ring that are twisted 408 although the
hydrogen bond lengths remain the same (2.78 � compared to
the average 2.80 � for the other bridges).


Figure 2. The 10-membered rings formed by hydrogen bonding (dashed
lines) of [Co(Hbiim)3] in 2. Hydrogen atoms omitted for clarity.


These nets (Figure 3a), as opposed to the (10,3)-a nets, are
not chiral and are instead of the ThSi2-type.[4] This may seem
self-evident since they contain a racemate, but this is not a
sufficient argument, the whole topology has to be considered.
There are no mirror planes in the net, since such a plane
would have to pass through at least one type of helix, and a
helix, of course, has no mirror plane. However, parallel helices
with opposed chirality are related by an inversion centre (and
thus an S2 axis, indicated in Figure 3a); hence the achirality of
the net.


Four interpenetrating nets fill these large pores and occupy
together 86 % of the unit cell volume (PLATO[22] analysis).
The total entangled structure is shown in Figure 3b; the
solvent molecules that occupy the resulting narrow channels
are also shown. Each channel is formed by two nets and is 9�
3 � wide in the narrowest region (shortest atom ± atom
distance excluding the van der Waals radii). In Figure 4 a


Figure 3. Schematic view along the a axis of a) a single net (the 6
indicates an inversion centre), and b) the four entangled (10,3) nets
showing the 9� 3 � wide channels with solvent molecules. Cobalt atoms
are at the intersections and the tilted hydrogen bonds can be seen as nicks
on the otherwise straight tubes connecting the metal centres.


stereo view of the limiting surfaces of one such channel have
been plotted (SURFNET[23] analysis). DMF molecules locat-
ed within are disordered and in pairs (distance 3.4 �) occupy
larger voids within the channels separated (8.0 �) by nar-
rower sections. Water molecules could not be located by X-ray
diffraction, but elemental analysis indicates equal amounts of
DMF and water in the pores. Thermogravimetric analysis
shows gradual loss of first water and then DMF.


In order to analyse strains within this network we also
determined the structure of racemic [Co(H2biim)3][NO3]3 (3).
This compound contains hydrogen-bonded ion clusters (Fig-
ure 5a) with an NÿH ´´´ O hydrogen bond length of
2.770(4) �. The thermal parameters for the nitrate ion
indicate that the two hydrogen-bound oxygens can swop
amines. The third oxygen has only weak interaction with its
neighbours (a nonclassical hydrogen bond to two Hbiim CÿH
groups, O ´´´ HÿC distance 3.232 �) and the remaining
intermolecular distances are also long. Nevertheless, these
weak interactions ªglueº the clusters together in the a and b
directions, while in the c direction [Co(H2biim)3][NO3]3 units
of different chirality are stacked on top of each other, see the
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packing diagram in Figure 5b. The compound can therefore
be regarded as a packing of neutral discrete species and
should contain an ªidealº [Co(H2biim)3]3� octahedron.


However, comparison of the bond lengths and angles for
the two crystallographically different [Co(Hbiim)3] molecules
in 2 with the [Co(H2biim)3]3� ion do not indicate twisting or
other distortions in the coordination sphere. Thus, the non-
planarity of the hydrogen-bond bridges are the only devia-
tions from ideality for 2.


While this tilting certainly is unfavourable, the maintenance
of the same N ´´´ HÿN distances suggests that the loss in
binding energy may not be so large. This was investigated by
density functional theory (DFT) calculations. Single-point
calculations on the three different Hbiim ± Hbiim geometries
found in the structure were compared to an ideal flat Hbiim ±
Hbiim unit that retained the essential intra- and intermolec-
ular distances. The lost stabilisation is calculated to be
5 kJ molÿ1 per N ´´´ HÿN bond and the ideal strength of
the hydrogen bond to be 36 kJ molÿ1. The latter value is in
the expected range for such hydrogen bonds.[24] Thus, the
calculations indicate that only 14 % of the bond energy is
lost.


Why does the change of solvents, from the MeOH/EtOAc
of Tadokor et al. to water/DMF in our case, cause such a
major change in structure? This is yet another example of the
unpredictability that continues to plague or fascinate (de-
pending on your point of view) crystal engineering, even when
the building blocks are deceivingly simple and rigid.


A possible explanation is that ethyl acetate, being approx-
imately one methyl group larger than DMF, will not fit into
the channels. This hypothesis was tested by molecular
mechanics calculations. A part of the channel containing


eleven neutral H2biim mole-
cules (Co replaced by H) was
created. Two DMF molecules
were allowed to relax from the
approximate atom positions
suggested by X-ray diffraction.
The optimised DMF atoms
came close to the approximate
positions suggested by the
X-ray data (average deviation
0.8 �), and the strain in the so-
obtained geometries were cal-
culated by a reoptimisation of
the two DMF molecules, this
time without the channel. The
energy cost to obtain the chan-
nel-adapted structures from a
completely relaxed structure
was computed to be 7 kJ molÿ1.
In the same way, two ethyl
acetate molecules were placed
in the channel. In this case more
than ten different original ori-
entations were tested, but in no
case was the computed strain of
EtOAc in the channels less than
28 kJ molÿ1. Thus, in order to fit


into the channels, the ethyl acetate molecules have to twist
and bend at a cost of 28 kJ molÿ1. While not definitive proof,
this does support the size argument.


Even so, this does not explain why crystals grown from
DMF/H2O do not have the much likelier, as it seems from the
number of examples in the literature, honeycomb structure
(Figure 1a). That the six-membered rings of the honeycomb
structure should be more probable can also be motivated by
considering that only three points have to be added before a
new ring is complete, the probability of the correct order of
chirality is thus 1/8. The (10,3) nets require six points and the
probability drops to 1/64.


We can consider the DMF inclusion as a template effect.
However, one usually thinks of a template as a single
molecule and, moreover, the disorder indicates that DMF is
mobile. The solvent forms pairs within the larger cavities in
which one of the approximately planar DMF molecules is
rotated 1808. This allows for a favourable dipole ± dipole
interaction with a DMF ± DMF distance of about 3.4 �. A
search in the Cambridge Crystallographic Database reveals a
number of similar arrangements with two or more DMF
molecules stacked with intermolecular distances in this
range.[25] Although the main interaction in DMF ought be a
hydrogen-bonded dimer,[26] the formation of ªdipolarº dimers
may be a crucial step during the crystallisation process. We
note that several porous structures with DMF have been
reported,[9, 27] and suggest that the use of DMF or similar
molecules is a good way of generating such materials.


A helix : Recrystallisation in ethanol of the solid compound
obtained by deprotonation of [D-Co(2,2'-biimidazole)3]-
[NO3]3 by ammonia in water,[28] gave air-sensitive orange


Figure 4. SURFNET[23] stereo view of the limiting surface of a channel section. a) View along the a axis and
b) view along the c axis.
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Figure 5. a) Thermal ellipsoid plot of racemic [Co(H2biim)3][NO3]3, com-
pound 3 (only the D isomer is shown). Atoms are drawn at the 50%
probability level. b) Packing of the unit cell showing four complete
[Co(H2biim)3]3� ions with all the surrounding nitrate groups. The
[Co(H2biim)3]3� ions are stacked on top of each other with alternating
chirality and no intervening nitrates.


crystals of compound 4. However, the highly porous chiral
(10,3)-a net was not formed, instead each cobalt complex
hydrogen bonds with only two of the three biimidazoles giving
a helix structure (Figure 6).


While not the desired chiral (10,3)-a net, structure 4 is
interesting in its own right. Such helical motifs have been
popular synthetic goals during the last 20 years[29] and have
been successfully prepared by means of coordination chem-
istry by using suitable ligands or from enantiomerically pure
organic hydrogen-bonding donors and acceptors, frequently
by ªself-assemblyº.[30]


The structure consists of helices packed along the c axis.
Each helix is surrounded by four other helices interlocking
with ªp interactionsº between the four biimidazoles (at each
turn of the helix), which stick out horizontally from the spirals.
Four additional helices are positioned in-between the nearest
neighbour helices completing the set of eight. Thus, the
helices are not intertwined and no ªdouble helicesº are


Figure 6. a) Schematic view along the c axis showing the packing of the
helices formed by [D-Co(Hbiim)3] recrystallised from ethanol (4). Cobalt
atoms are at the intersections. b) Packing of two of the helices (view along
the b axis).


formed. Disordered ethanol and water molecules occupy
voids in the structure.


Note that these helices are a part of the desired chiral
(10,3)-a nets; the hydrogen bonding to the next spiral being
replaced by interactions with the solvent (see dotted box in
Figure 1b). A fourfold interpenetrating net, similar to that of
2, could be envisaged as an alternative way of close-packing
the (10,3)-a net. We attribute the fact that this does not
happen to the stronger hydrogen bonds between ethanol and
Hbiim relative to the hydrogen bonds between DMF and
Hbiim. In the former case ethanol can compete with the
Hbiim ± Hbiim interaction and interrupt the building up of a
three-dimensional net, whereas in the latter case the much
weaker DMF ± Hbiim interaction cannot. As stated above, we
also believe the dipolar interaction between the flat DMF
molecules to be important. However, so far recrystallisation
of 4 in DMF or similar solvents has not yielded crystals
suitable for X-ray structure analysis.


Conclusion


We have demonstrated that a change of (non-coordinating)
solvent may induce structural changes in the net (ªnetwork
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polymorphismº) and that chirality is an important issue for
the formation of extended structures. Ligand control over
network chirality has been demonstrated by Kepert et al.,[13]


and enantiomerically pure transition metal complexes have
been used in the synthesis of ªmolecular hexagonsº,[31] but the
use of metal racemates have been the rule for extended
structures (although spontaneous resolution sometimes oc-
cur[18, 32]). Moreover, the channels, albeit narrow, in compound
2 show that interpenetration does not always exclude the
formation of porous networks. Indeed, the additional net ± net
van der Waals and ªp ± pº interactions may in fact stabilise
the otherwise less rigid (10,3) nets towards collapse on solvent
removal.


Experimental Section


General : All reagents were purchased from commercial sources and used
without further purification. [Co(2,2'-biimidazole)3][NO3]3 (3) and the
precursor [D-Co(Hbiim)3] ´ 2H2O were prepared according to the liter-
ature.[28] IR spectra were recorded in the range 4000 ± 200 cmÿ1 with a
Nicolet Magna IR560 spectrometer. Thermogravimetry measurements
were made on a Mettler instrument.


Synthesis of 2 : [Co(2,2'-biimidazole)3][NO3]3 (0.0376 g 0.06 mmol) was
dissolved in a mixture of DMF (8 mL) and H2O (5 mL). Then, aqueous
NH3 (0.25 mL, 25 %) was added, and the resulting suspension was heated to
100 8C and filtered. After cooling to room temperature the clear solution
was stored at 4 8C, and after several weeks crystals of [Co(Hbiim)3] ´
0.8H2O ´ 0.5DMF were obtained. Elemental analysis calcd (%) for
C19.5H20.1CoN12.5O1.3 (509.3): C 45.98, H 3.98, N 34.38; found: C 45.85, H
3.7, N 33.95; IR (KBr): nÄ � 1670 cmÿ1 (DMF, C�O); thermogravimetry on a
13.53 mg sample: 50 8C ± 100 8C:ÿ0.4 mg (water); 110 8C ± 200 8C:ÿ0.6 mg
(DMF); 300 8C: ÿ3.5 mg (biimidazole). The melting point is above 250 8C
and up to this temperature no visible change of the crystals occurred.


Synthesis of 4 : Recrystallisation of the precursor [D-Co(Hbiim)3] ´ 2H2O
from ethanol yielded brilliant orange octhahedra of 4 that decompose
rapidly in air.


X-ray crystallography : For data collection from the crystals of 2 and 4
SMART CCD diffractometers were used, data were extracted with the
SAINT� package and intensity data were prepared with XPREP.[33]


SADABS was used for the empirical absorption correction.[33] For 3 an
Enraf-Nonius CAD4 diffractometer was used and data processing and
absorption correction were made with XCAD[35] and PLATO,[22] respec-
tively.
The structures were solved by direct methods and subsequent full-matrix
least-squares refinement, including anisotropic thermal parameters for all
non-hydrogen atoms. Hydrogen atoms were placed in calculated positions
and not refined. Structure solution and refinement were carried out with
the SHELXS-97 and SHELXL-97 program packages and refined against
jF 2 j .[34] All data were collected at ambient temperature.


Crystallographic data for [Co(Hbiim)3] ´ 0.8H2O ´ 0.5DMF (2): Formula:
C19.5H18.5CoN12.5O0.5 , crystal dimensions: 0.03� 0.02� 0.01 mm, Bruker
Smart 1000 CCD diffractometer with synchrotron radiation (MAXLAB
II, Lund, Sweden), w scan, l� 0.8522 �. Mr� 494.88, orthorhombic, space
group: Pbcn (no. 60), a� 12.600(3), b� 20.900(4), c� 32.790(7) �, V�
8635(3) �3, Z� 16, 1calcd� 1.523 g cmÿ3, F(000)� 4208, 707 parameters;
R� 0.0650, wR� 0.1650, GOF� 1.043 for all 4976 data [I> 2 s(I)]; min./
max. residual electron density: ÿ0.628/0.788 e �ÿ3 ; m� 1.192 cmÿ1; 33237
reflections collected. 2qmax� 568, min/max transmission� 0.75169/0.97715
(SADABS). Electron density peaks (>2 e �ÿ3) in the channels were
treated as disordered DMF.


Crystallographic data for [Co(H2biim)3][NO3]3 (3): Formula: C18H18Co-
N15O9; crystal dimensions: 0.24� 0.15� 0.11 mm Enraf-Nonius CAD4
diffractometer with graphite monochromated MoKa radiation. w/2q-scan,
l� 0.71073 �. Mr� 647.40, trigonal, space group R3Åc (hexagonal setting)
(no. 167), a� 16.9262(5), b� 16.9262(5), c� 15.8376(6) �, V�
3929.5(2) �3, Z� 6, 1calcd� 1.641 gcmÿ3, F(000)� 1980, 67 parameters;


R� 0.0375, wR� 0.0850, GOF� 0.998 for all 588 data [I> 2s(I)]; min/
max residual electron density: ÿ0.213/0.284 e�ÿ3; m� 0.7400 cmÿ1; 948
reflections collected. 2qmax� 548 ; min/max transmission: 0.8952/0.9328
(Gaussian).


Crystallographic data for [D-Co(Hbiim)3] ´ 0.8EtOH ´ 0.4H2O (4): Formu-
la: C20.1H21.3CoN12O1.5 ; crystal dimensions: 0.5� 0.3� 0.2 mm Siemens
SMART CCD diffractometer with graphite monochromated MoKa radia-
tion, w scan, l� 0.71073 �. Mr� 506.71, orthorhombic, space group:
P212121 (no. 19), a� 12.8963(2), b� 13.8974(3), c� 30.2627(7) �, V�
5423.83(19) �3, Z� 8, 1calcd� 1.250 gcmÿ3, F(000)� 2044, 612 parameters;
R� 0.088, wR� 0.238, GOF� 0.972 for all 7249 data [I> 2s(I)]; min/max
residual electron density: ÿ0.396/0.859 e�ÿ3 ; m� 0.665 cmÿ1; 52 379 re-
flections collected; 2qmax� 518 ; Flack parameter� 0.04(3). Electron density
peaks (>2 e �ÿ3) in the cavities were treated as disordered EtOH and
water.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-155315,
CCDC-155316 and CCDC-155317. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Computational details : DFT calculations were performed with the DFT
module in Spartan 5.1.3a1.[36] by employing the exchange and correlation
functionals of Becke[37] and Perdew,[38] respectively (BP86). A numerical
basis set, DN*, which included polarisation and d functions for C and N,
was used. This basis set is roughly equivalent in ªsizeº to the 6 ± 31G* basis
set, but is claimed to yield results closer to much larger Gaussian basis
sets.[39] The molecular mechanics calculations were performed with the MM
force field[40] implemented in Chem3D 3.5.1.[41] The MMFF94 force field[42]


as implemented in Spartan 5.1.3a1[36] gave consistent results.
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Indenylidene Complexes of Ruthenium: Optimized Synthesis, Structure
Elucidation, and Performance as Catalysts for Olefin MetathesisÐ
Application to the Synthesis of the ADE-Ring System of Nakadomarin A


Alois Fürstner,* Oliver Guth, Arno Düffels, Günter Seidel, Monika Liebl, Barbara Gabor,
and Richard Mynott[a]


Abstract: An optimized and large scale
adaptable synthesis of the ruthenium
phenylindenylidene complex 3 is de-
scribed which employs commercially
available diphenyl propargyl alcohol 5
as a stable and convenient carbene
source. Previous ambiguities as to the
actual structure of the complex have
been ruled out by a full analysis of its
NMR spectra. A series of applications to
ring closing metathesis (RCM) reactions
shows that complex 3 is as good as or


even superior to the classical Grubbs
carbene 1 in terms of yield, reaction rate,
and tolerance towards polar functional
groups. Complex 3 turns out to be the
catalyst of choice for the synthesis of the
enantiopure core segment 77 of the
marine alkaloid nakadomarin A 60 com-


prising the ADE rings of this target.
Together with a series of other examples,
this particular application illustrates that
catalyst 3 is particularly well suited for
the cyclization of medium-sized rings by
RCM. Other key steps en route to
nakadomarin A are a highly selective
intramolecular Michael addition setting
the quaternary center at the juncture of
the A and D rings and a Takai ± Nozaki
olefination of aldehyde 73 with CH2I2,
Ti(OiPr)4 and activated zinc dust.


Keywords: alkenes ´ carbenes ´
metathesis ´ natural products ´
ruthenium


Introduction


The advent of well-defined catalysts for alkene metathesis has
revolutionized the field within the last few years.[1] Ruthenium
carbene complexes of the general type 1 pioneered by Grubbs
are most prominent of these;[2, 3] they have found widespread
applications in organic synthesis and polymer chemistry,
because they combine reasonable activity and catalyst dura-
bility with an excellent tolerance towards many polar func-
tional groups. As has been outlined recently, replacement of
one PCy3 ligand by an N-heterocyclic carbene moiety (e.g. 2)
improves their excellent application profile even further.[4]


At the beginning of this groundbreaking development, the
rather cumbersome preparation of 1 a as the first compound
of this series constituted a certain handicap in practical terms
[Scheme 1, Eq. (1)].[2] A much better access to this family of
metathesis (pre)catalysts was achieved by using diazoalkanes
as carbene sources. Specifically, the phenylcarbene complex
1 b formed by reaction of [RuCl2(PPh3)3] with phenyldiazo-
methane followed by an exchange of the PPh3 ligands for PCy3


[Eq. (2)] became the standard and is now commercially
available.[3] The hazards associated with the use of diazoal-
kenes on a large scale, however, should not be underesti-
mated. Therefore, alternative routes to Grubbs-type carbenes
have been investigated, leading to the large scale adaptable
syntheses of 1 c, d depicted in Equations (3) and (4), respec-
tively.[5, 6]


Described below is a full account of our work on a further
compound of this series, the indenylidene complex 3, which is
particularly easy to make and exhibits catalytic activity equal
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Scheme 1. Established methods for the synthesis of Grubbs-type ruthe-
nium carbene complexes.


to or even better than that of 1. It can be prepared safely on a
large scale using only commercial reagents which are com-
pletely stable in the air. An optimized procedure yielding
multigram quantities of 3 is presented together with a detailed
study of its structure and catalytic performance.


Results and Discussion


Synthesis and structure : Complex 3 b is obtained on treatment
of [RuCl2(PPh3)3] with propargyl alcohol 5 in refluxing THF,
followed by routine exchange of PPh3 for PCy3 (Scheme 2).


Scheme 2. Synthesis of the phenylindenylidene complexes 3 a,b.


This reaction was originally performed by Hill et al. and was
believed to provide the allenylidene species 6.[7] However,
shortly after the discovery of the promising catalytic activity
of the material thus formed,[8] our group recognized that the
analytical and spectroscopic data of this complex are not in
agreement with the proposed structure 6.[9] Although a
13C NMR signal was observed at d� 293.9 (originally ascribed
to Ca of the allenylidene unit), the signals for the b- and g-


carbon atoms which had been reported at d� 210.0 and
174.1,[7] could not be found irrespective of whether directly
observed 13C NMR spectra or HMBC spectra were recorded
on a high-field NMR spectrometer (14.1 T, 1H resonance
frequency 600.2 MHz). This holds true for an original sample
of the complex kindly provided by Hill as well as for all the
samples prepared in our laboratory by the optimized proce-
dure described in the Experimental Section. Furthermore, the
aromatic region in the 1H NMR spectra was found to be far
more complicated than that expected for the proposed
structure 6, for which just three signals are to be expected
for the two equivalent phenyl groups.


Therefore, two-dimensional NMR techniques were used to
determine the connectivities in the organic ligand of the
material prepared according to Scheme 2. COSY and C,H-
correlated spectra (HSQC and HMBC) showed unambigu-
ously the presence of a phenylindenylidene moiety. These
conclusions were also supported by NOESY data. The H-2
resonance (arbitrary numbering as shown) is a sharp singlet at
d� 7.39. The signal due to C-2 is observed at d� 139.1 (1JC,H�
175 Hz). In the HMBC spectrum, cross peaks are observed
between C-3 and H-2, H-5 and H-11. All the chemical shifts
and coupling constants (JH,H as well as JC,H) are consistent with
structure 3 b and all signals are accounted for (for the full set
of data see the Experimental Section). Since a single
resonance is observed for the phosphorous ligands in the 31P
NMR spectrum of 3 b, the PCy3 ligands must be placed
symmetrically above and below a plane defined by the organic
ligand, the Ru center and the chlorine atoms.


Moreover, our NMR studies confirm that the triphenyl-
phosphine complex 3 a formed as the primary product of the
reaction of [RuCl2(PPh3)3] with propargyl alcohol 5 also bears
a phenylindenylidene substituent. Therefore, it must be
concluded that no allenylidene complex is formed as a stable
entity at any stage of the synthesis.[10] We cannot help but
ascribe the signals reported at dC� 210.0 and 174.1 in support
of the allenylidene structure[7] to have arisen from impurities,
artifacts, or accidental noise excursions. Our data, however,
leave open as to whether 3 originated from a rearrangement
of a transient allenylidene 6 or whether it is formed directly.[11]


After we had communicated our findings on the unexpect-
ed constitution of these complexes,[9] Nolan et al. reported the
X-ray structure of complex 4 (R� 2,6-di(isopropyl)phenyl)
derived from 3 b by replacement of one of the PCy3 ligands by
a N-heterocyclic carbene.[12] In this particular compound, the
phenylindenylidene moiety occupies the apical site of a
distorted square pyramidal complex.


Ring closing metathesis reactions : Irrespective of the actual
structure of the complex derived from [RuCl2(PPh3)3] and
propargyl alcohol 5, the excellent catalytic activity of this
material was very quickly recognized.[8, 9, 13±17] When applied
to bis(allyl)tosylamide 9, the presence of only 1 mol % of 3 b is
sufficient to form the cyclized product 10 in essentially
quantitative yield after 2 h reaction time at ambient temper-
ature. The homo-bimetallic complex 7, prepared from 3 b
according to Scheme 3, is similarly effective but requires
longer reaction times to reach complete conversion of 9. In
both cases, CH2Cl2 turned out to be the solvent of choice.
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Scheme 3. Synthesis of the homobimetallic phenylindenylidene complex 7.


The cyclization of diene 11 to the trisubstituted cycloalkene
12 was investigated in more detail. This example shows again
that the monometallic species 3 b is superior to its bimetallic
congener 7, as evident from the kinetic data shown in Figure 1.


Figure 1. Kinetic of ring closure (GC) of diene 11 to cyclopentene 12
catalyzed by the phenylindenylidene complex 3 b (~) and the homobime-
tallic analogue 7 (*); E�COOEt.


While with the former catalyst the cyclization is essentially
complete after 1 h at ambient temperature, the latter effects a
steady but much slower reaction, reaching only 35 % con-
version after 6 h. It is noteworthy that this trend is in contrast
to a report of Grubbs claiming that the analogous bimetallic
complex 8 is more reactive in prototype metathesis reactions
than the parent catalyst 1.[18]


Complexes 3 b and 7 have been applied to a representative
set of RCM reactions in order to study their scope and
compatibility with functional groups (Table 2). For compar-
ison, the results obtained with the Grubbs carbene 1 are also
included, where available. These data show that 3 b and 1 are
roughly equipotent in terms of yield, reaction rate, and
tolerance towards an array of polar substituents including
ethers, esters, amides, silyl ethers, acetals, ammonium salts,
aryl halides, nitro groups, sulfonamides, ketones, urethanes,
free hydroxy groups, furan and pyrrole rings. As expected, the
phenylindenylidene catalyst 3 b provides access to all ring
sizes �5, including several medium and macrocyclic deriva-
tives. Particularly noteworthy among them are the high
yielding cyclizations of the eight- and nine-membered rings
37, 39 and 41, the ten-membered lactones 43, 45, and 47, and
the macrocyclic musk 51 which upon hydrogenation converts
into exaltolide, a valuable perfume ingredient.[19] Entries 23 ±
26 depict the high yielding formation of even larger ring sizes.


A few other examples compiled in Table 2 deserve further
comment. Thus, cyclization of diene 32 to product 33
constitutes the key step of an unprecedentedly short synthesis
of balanol, a potent protein kinase C inhibitor.[13] In this
particular case, the phenylindenylidene complex 3 b gives
significantly better results than the standard Grubbs carbene
1 b. The same holds true for the formation of the heterocyclic
compound 53, which on hydrogenation affords the strongly
immunosuppressive alkaloid nonylprodigiosin.[9] Again, the
indenylidene complex 3 b is superior to complex 1 a serving as
the calibration point. This is ascribed to the somewhat higher
stability of 3 b in solution, which is beneficial in RCM
reactions requiring longer reaction times. Further noteworthy
applications pertain to the synthesis of 49, which upon
N-deprotection converts into the insect repellent azamacro-
lide epilachnene.[19b] Similarly efficient is the cyclization of the
nonenolide 45, a precursor to the potent herbicidal agent
herbarumin I.[16] In this case, RCM catalyzed by 3 b delivers
only the desired (E)-configurated product, whereas in all
other macrocyclization reactions reported here mixtures of
both geometrical isomers are obtained. The stereoselective
course of this reaction is probably due to the preexisting ring
in vicinity of the olefins which restricts the available
conformational space of diene 44 and favorably aligns the
reacting sites during the metathetic ring closure.[20, 21]


Synthesis of the spirotricyclic core of nakadomarin A : The
structurally unique alkaloid nakadomarin A 60 which was
isolated from Amphimedon sp. (SS-264) collected off the
Kerama islands, Okinawa, shows promising and diverse
physiological activities, including cytotoxicity against L 1210
murine lymphoma cells.[22] Moreover, nakadomarin A is
biogenetically related to the potent antitumor agent manza-
mine A 61.[23]


The intricate hexacyclic skeleton of 60 poses considerable
challenges in preparative terms. One of them relates to the
stereoselective synthesis of the (Z)-configurated double bond
within the macrocyclic tether; a viable synthetic route to this
structural element has recently been found.[41] Other yet
unsolved problems pertain to the enantioselective formation
of the quaternary center at the juncture of the ABD rings as


Table 1. RCM reactions catalyzed by the ruthenium indenylidene com-
plexes 3 b and 7. Optimization of the reaction conditions.


Catalyst Mol % Solvent t [h] T [8C] Yield [%]


1 3b 10 toluene 1 80 85
2 3b 10 CH2Cl2 1 20 93
3 3b 1 CH2Cl2 2 20 98
4 7 8 toluene 1 80 90
5 7 1 CH2Cl2 17 20 99
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Table 2. RCM reactions catalyzed by the ruthenium indenylidene com-
plexes 3 b and 7 (1 ± 5 mol %) and comparison with the results reported in
the literature for complex 1; E�COOEt.


Substrate Product Yield [%]
3b 7 1


1 98 99 93[36]


2


E E


13


E E


14


93 91


3


E E


15


E E


14


92 89


4


E E


11


E E


12


83 75 93[37]


5


E E


16


E E


17


92 94


6


18


19
77


7


Br


O


20


O


Br


21


94 60 99[38]


8
O


O2N


22


O


O2N


23


97 71 97[38]


9


OSiEt3


24


OSiEt3


25


79 81 95[39]


10


E E


26


E E


27


94 94


11


O


28


O


29


79 81


12
Ph


O
Si


30


SiO


Ph


31


97 87 91[40]


13 N


OH
OBn


O
OtBu32


N


OH
OBn


O
OtBu


33


87 64[13]


14
O


H


O


N


34


O


H


O


N


35


93 97


15 O


H


O


N


36


N
O


H


O


37


74 76 74[41]


Table 2 (cont.)


Substrate Product Yield [%]
3b 7 1


16 N
Ts


38


N Ts


39


70 72 68[42]
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N
Ts


40


N
Ts


41


61
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O
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O
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O
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82 81 89[19b]
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65 42[9]
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O
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82 85 83[19]
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87 83 71[19]
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well as to the efficient cyclization of the eight-membered E
ring of this target. The latter aspect deserves particular
attention as the formation of the analogous ring in manzami-
ne A 61 by RCM was very low yielding (26 %) and constituted
the major obstacle in a recent total synthesis of this
alkaloid.[24] Therefore we were prompted to explore in detail
whether RCM should be employed as a strategic transforma-
tion en route to 60 to close the rather strained and congested
E ring. Described below is an efficient synthesis of the fully
functional ADE-ring system of nakadomarin A in which the
quaternary center is set with the correct absolute stereo-
chemistry and the E ring is formed in almost quantitative yield
by using the newly developed phenylindenylidene catalyst 3 b ;
this route can be used to prepare multigram quantities as
required for our total synthesis project.


Scheme 4. [a] Mesyl chloride, Et3N, Et2O, RT. [b] p-Methoxybenzylamine
(PMB-NH2), Et3N, THF, reflux, 68 % (over two steps). [c] (Boc)2O, Et3N,
DMAP, CH2Cl2, RT, 86%. [d] i) nBuLi, Et2O, ÿ78 8C; ii) (Boc)2O,
ÿ78 8C!RT, 96%. [e] i) pTsOH, Et2O/tBuOH 20:1, RT. ii) aq. NaOH
(2n), 73%.


(R)-(�)-Pyroglutaminic ester [(R)-(�)-66] was chosen as a
convenient starting material which is converted into thioester
67 by reacting its lithium enolate with ClC(O)SEt
(Scheme 5).[25] Exposure of this product to amine 65 (pre-
pared according to Scheme 4), AgOTf and (iPr)2NEt in
CH3CN provides b-ketoamide 68 as a mixture of diastereo-
isomers. Following a recent example reported by Brands
et al. ,[26] this compound undergoes an intramolecular Michael
addition on treatment with (iPr)2NEt (2 equiv) in refluxing
CH3CN delivering an inseparable mixture of three isomeric
alkenes 69. Subsequent hydrogenation of this material over
palladium on charcoal in MeOH, however, converges this
morass of stereoisomers into a single product 70 which is
isolated by flash chromatography in 80 % yield on a multi-
gram scale.[27] Inspection of the recorded NOE effects and
comparison with literature data[26] allow unambiguously to
assign the absolute stereochemistry of the newly formed
quaternary C atom (cf. Figure 2). Moreover, we have secured
the enantiopurity of product 70 thus formed by carrying out
the same sequence of reactions starting from (S)-(ÿ)-66 and
comparison of both samples by HPLC on a chiral column


Scheme 5. [a] LHMDS, THF, ÿ78 8C, then ClC(O)SEt, ÿ78 8C, 96%.
[b] Amine 65, AgOTf, (iPr)2NEt, CH3CN, RT, 73%. [c] (iPr)2NEt, CH3CN,
reflux. [d] H2 (1 atm), Pd/C, MeOH, 80% (over two steps). [e] Mg(ClO4)2


(25 mol %), CH3CN, 50 8C, 99%. [f] LiBH4, THF, RT, 82 %. [g] Dess ±
Martin periodinane, H2O (1 equiv), CH2Cl2, RT, 78 %. [h] CH2I2,
Ti(OiPr)4, Zn, THF, RT, 84 %. [i] NaH, DMF, 0 8C, then 6-iodo-1-hexene,
RT, 88%. [j] Catalyst 3b (5 mol %), CH2Cl2, reflux, 98 %. [k] i) F3CCOOH,
reflux; ii) Me3SiCHN2, toluene/MeOH 3.5:1, 85%.


Figure 2. NOE effects recorded in a one-dimensional NOESY experiment
relevant for the assignment of the stereochemistry of the quaternary center
in compound 70.


(Shimadzu LC-10A: Chiralpak AD Æ250� 4.5 mm column,
eluent: n-heptane/2-propanol 75:25, 0.5 mL minÿ1).


After deprotection of the N-Boc group in 70 by means of
Mg(ClO4)2,[28] it was possible to achieve a selective reduction
of the methyl ester function in 71 using LiBH4. Oxidation of
the resulting primary alcohol 72 with Dess ± Martin period-
inane according to the optimized procedure described by
Schreiber et al.[29] proceeded uneventfully, delivering the
required aldehyde 73 without any detectable epimerization
of the adjacent chiral center. The envisaged methylenation of
this material, however, required significant optimization. Best
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results were achieved by means of the Takai ± Nozaki protocol
using CH2I2 as the methylene source in combination with
Ti(OiPr)4 and activated zinc dust.[30] Under these conditions,
alkene 74 was obtained in 84 % isolated yield. Subsequent
N-alkylation of the sodium salt derived thereof with 6-iodo-1-
hexene readily provides diene 75 and sets the stage for the
envisaged cyclization of the eight-membered ring by RCM.


We were pleased to see that this key transformation
proceeds with essentially quantitative yield (98 %) if a dilute
solution of diene 75 (0.002m) in CH2Cl2 is refluxed in the
presence of 5 mol % of the phenylindenylidene catalyst 3 b for
18 h. For comparison, the standard Grubbs catalyst 1 b was
also tested, delivering only 82 % yield of 76 under otherwise
identical conditions; as discussed above, we ascribe the better
performance of 3 b to the higher stability of this complex in
solution. Even more surprising is the fact that the ªsecond-
generationº NHC-carbene complex 2, which is generally
believed to be an even more powerful catalyst than the parent
species 1 b, is significantly less efficient in this particular case,
affording only 63 % of product 76. Trace amounts of various
by-products are detected by TLC which detract from the yield
of the desired hexahydroazocine ring.


Attempted cleavage of the N-PMB group in 76 by means of
cerium ammonium nitrate led to the rapid destruction of this
compound. Fortunately, however, the deprotection is ach-
ieved by refluxing product 76 in neat trifluoroacetic acid for
18 h. Since the tert-butyl ester is concomitantly cleaved under
these vigorous conditions, the crude product was treated with
(trimethylsilyl)diazomethane, affording methyl ester 77 in
excellent overall yield. Based on this high yielding, large scale
adaptable and virtually diastereospecific synthesis of com-
pound 77, which represents a fully functional synthon for the
ADE segment of nakadomarin A 60, we are presently
pursuing the completion of a total synthesis of this challenging
target.


Experimental Section


General remarks : The NMR spectra of 3a,b were measured on a Bruker
DMX 600 NMR spectrometer using a 5 mm TXI triple probe with a z-
gradient coil. Measurement techniques used include COSY (phase
sensitive DQ-filtered), HSQC (optimized for 1JC,H� 160 Hz), HMBC
(optimized for nJC,H� 10 Hz), NOESY, 13C (cpd-decoupled), and DEPT.
The C,H coupling constants were taken from the proton coupled 13C NMR
spectrum or a high resolution HSQC spectrum. All reactions were carried
out under Ar. The solvents used were purified by distillation over the
drying agents indicated and were transferred under Ar: THF, Et2O (Mg/
anthracene), CH2Cl2 (P4O10), CH3CN, Et3N (CaH2), MeOH (Mg), DMF
(Desmodur, dibutyltin dilaurate), hexane, toluene (Na/K). Flash chroma-
tography: Merck silica gel 60 (230 ± 400 mesh). NMR: Spectra of organic
compounds were recorded on a DPX 300 or DMX 600 spectrometer
(Bruker) in the solvents indicated; chemical shifts (d) are given in ppm
relative to TMS, coupling constants (J) in Hz. IR: Nicolet FT-7199
spectrometer, wavenumbers in cmÿ1. MS (EI): Finnigan MAT 8200 (70 eV),
HRMS: Finnigan MAT 95, MALDI: Bruker ICR. Melting points:
Gallenkamp melting point apparatus (uncorrected). Optical rotation:
Perkin Elmer 343 at l� 589 nm (Na D-line). Elemental analyses: Kolbe,
Mülheim/Ruhr. All commercially available compounds (Lancaster, Al-
drich) were used as received.


Optimized synthesis of the phenylindenylidene complexes 3 a, b : A two-
necked flask equipped with a reflux condenser, a magnetic stirring bar, and
an Ar supply was evacuated, flame dried, and flushed with Ar. The flask


was charged with [RuCl2(PPh3)3] (10.37 g, 10.8 mmol). THF (600 mL) and
diphenylpropargyl alcohol 5 (3.37 g, 16.2 mmol) were introduced and the
resulting mixture was refluxed under Ar for 2.5 h. During this period, the
mixture turned dark-red. For work-up, the solvent was evaporated in vacuo
(12 mbar), the residue was suspended in hexane (400 mL) and the
suspension stirred for about 3 h until the solid was finely ground and had
a homogeneous appearance. The powdered solid was filtered off and dried
in vacuo, affording complex 3a in quantitative yield. The NMR data are
compiled below.


PCy3 (9.39 g, 33.5 mmol) was added to a solution of complex 3 a in CH2Cl2


(250 mL) and the resulting mixture was stirred for 2 h at ambient
temperature under Ar. The solvent was evaporated, the crude product
suspended in hexane (400 mL). The suspension was stirred for about 3 h at
ambient temperature, the finely powdered complex was filtered off and
carefully washed with hexane (100 mL) in several portions. Drying of the
product in vacuo afforded complex 3b as an analytically pure, orange
powder (7.90 g, 80%).


Complex 3 b : 1H NMR (600.2 MHz, CD2Cl2, 30 8C): d� 8.67 (dd, J(H-7,H-
8)� 7.5 Hz, 1 H, H-8), 7.75 (d, 2 H, H-11), 7.52 (d, 1H, H-13), 7.40 (dd, 2H,
H-12), 7.39 (s, 1H, H-2), 7.38 (td, J(H-5,H-6)� J(H-6,H-7)� 7.3 Hz, 1H,
H-6), 7.29 (td, J(H-6,H-7)� J(H-7,H-8)� 7.5 Hz, 1H, H-7), 7.27 (dd, J(H-
5,H-6)� 7.3 Hz, 1H, H-5); cyclohexyl signals: d� 2.60, 1.77, 1.73, 1.66, 1.65,
1.52, 1.50, 1.47, 1.21, 1.19, 1.18; 13C NMR (150.9 MHz, CD2Cl2, 30 8C): d�
293.9 (s, J� 8.1 Hz (t), J(P,C), C-1), 145.0 (s, C-9), 141.4 (s, C-4), 139.8 (s,
C-3), 139.1 (d, 1J(C,H)� 175 Hz, C-2), 136.8 (s, C-10), 129.41 (d, 1J(C,H)�
163 Hz, C-8), 129.40 (2C, d, C-12), 129.2 (d, C-7), 128.7 (d, C-6), 128.4 (d,
C-13), 126.6 (2C, d, C-11), 117.6 (d, 1J(C,H)� 157 Hz, C-5); cyclohexyl
signals: d� 33.1 (CH), 30.21, 30.16, 28.3, 28.1, 26.9 (all CH2); 31P NMR
(243.0 MHz, CD2Cl2, 30 8C, rel. ext. H3PO4): d� 32.6.


Complex 3a : 1H NMR (600.2 MHz, CD2Cl2, 30 8C): d� 7.54 (d, 1H, H-13),
7.50 (d, 2H, H-11), 7.34 (dd, 2 H, H-12), 7.31 (td, J(H-5,H-6)� J(H-6,H-7)�
7.5 Hz, 1H, H-6), 7.25 (dd, J(H-5,H-6)� 7.5 Hz, 1 H, H-5), 7.08 (dd, J(H-
7,H-8)� 7.3 Hz, 1H, H-8), 6.67 (td, J(H-6,H-7)� J(H-7,H-8)� 7.4 Hz, 1H,
H-7), 6.38 (s, 1 H, H-2); phenyl group: d� 7.54, 7.46 (para), 7.33; 13C NMR
(150.9 MHz, CD2Cl2, 30 8C): d� 301.0 (s, J(P,C)� 12.9 Hz (t), C-1), 145.4 (s,
C-3), 141.8 (s, J(P,C)� 2.7 Hz (t), C-9), 139.8 (s, C-4), 139.4 (d, J(P,C)�
5.2 Hz (t), 1J(C,H)� 175.4 Hz, C-2), 135.6 (s, C-10), 130.1 (d, C-6), 130.1 (d,
C-7), 129.41 (d, 2 C, C-12), 129.36 (d, C-13), 129.33 (d, 1J(C,H)� 165 Hz,
C-8), 127.1 (d, 2 C, C-11), 118.6 (d, 1J(C,H)� 160 Hz, C-5); phenyl signals:
X part of ABX spin systems (A, B� 31P, X� 13C): d� 135.2 (d, [J(P,C) �
J(P',C)]� 11.2 Hz, C-ortho), 131.2 (s, [J(P,C) � J(P',C)]� 42.8 Hz, C-ipso)
130.6 (d, C-para), 128.4 (d, [J(P,C) � J(P',C)]� 9.6 Hz, C-meta); 31P NMR
(243.0 MHz, CD2Cl2, 30 8C, rel. ext. H3PO4): d� 28.7.


Representative procedure for RCM catalyzed by complex 3 b. Synthesis of
2,5-dihydro-benzo[b]oxepine (29): A solution of allyl-(2-allylphenyl)ether
(28 ; 167 mg, 0.96 mmol) and complex 3b (7 mg, 0.01 mmol) in CH2Cl2


(50 mL) was stirred at ambient temperature until TLC showed complete
conversion of the substrate (ca. 2 h). For work-up, the solvent was
evaporated and the residue was purified by flash chromatography affording
compound 29 as a colorless syrup. 1H NMR (300 MHz, CDCl3): d� 7.19 ±
7.01 (m, 5H), 5.86 ± 5.83 (m, 1 H), 5.49 ± 5.43 (m, 1H), 4.58 (dt, J� 2.3,
5.2 Hz, 2H), 3.50 ± 3.46 (m, 2H); 13C NMR (75 MHz, CDCl3): d� 158.7,
136.1, 128.8, 127.8, 127.3, 125.7, 124.0, 121.4, 71.2, 31.8; IR (film): nÄ � 2931,
2882, 1724, 1602, 1583, 1489, 1455, 1230, 1062, 761 cmÿ1; MS: m/z (%): 146
(100) [M]� , 131 (59), 127 (32), 115 (34), 103 (10), 91 (25), 89 (13), 77 (17), 72
(4), 63 (17), 51 (22), 39 (23), 27 (7). The analytical data were in agreement
with those reported in the literature.[31]


Eleven other compounds displayed in Table 2 have been prepared
analogously. Their analytical and spectroscopic data were in agreement
with those reported in the literature: 10,[32] 12,[33] 14,[34] 17,[35] 21,[38] 23,[38]


25,[39] 31,[40] 33,[13] 39,[42] 45,[16] 47,[43] 49,[19] 51,[19] 53,[9] 55,[15] 57,[19] 59.[19] The
data of new compounds are compiled below.


Cyclohept-4-ene-1,1-diethyldicarboxylate (27): 1H NMR (300 MHz,
CDCl3): d� 5.85 (dt, J� 6.1, 10.6 Hz, 1H), 5.68 (dt, J� 6.4, 10.7 Hz, 1H),
4.17 (q, J� 7.0 Hz, 4 H), 2.67 (d, J� 6.4 Hz, 2 H), 2.26 ± 2.22 (m, 2 H), 2.19 ±
2.13 (m, 2H), 1.68 ± 1.61 (m, 2H), 1.24 (t, J� 7.1 Hz, 6H); 13C NMR
(75 MHz, CDCl3): d� 171.7, 134.0, 127.1, 61.0, 56.1, 36.6, 32.3, 28.2, 22.7,
14.0; IR (film): nÄ � 3029, 2981, 2937, 1732, 1656, 1312, 1238, 1213, 1183, 853,
703 cmÿ1; MS: m/z (%): 240 (8) [M]� , 195 (16), 173 (100), 166 (57), 138 (12),
127 (28), 121 (14), 99 (7), 93 (60), 79 (14), 67 (6), 55 (6), 41 (9), 29 (31);
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elemental analysis calcd (%) for C13H20O4: C 64.98, H 8.39; found: C 64.86,
H 8.31.


(R)-1,3-Dimethyl-cyclohexene (19): 1H NMR (300 MHz, CDCl3): d� 5.24
(s, 1H), 2.20 ± 2.05 (m, 1H), 1.90 ± 1.83 (m, 2H), 1.80 ± 1.66 (m, 2 H), 1.65 ±
1.62 (m, 3 H), 1.58 ± 1.43 (m, 1 H), 1.15 ± 1.10 (m, 1H), 0.94 (d, J� 7.1 Hz,
3H); 13C NMR (75 MHz, CDCl3): d� 133.3, 127.8, 31.2, 30.3, 30.0, 23.8,
22.0, 21.9; IR (film): nÄ � 3038, 2950, 1671, 1454, 1376, 1133, 966, 867,
809 cmÿ1; MS (EI): m/z (%): 110 (27) [M]� , 95 (100), 82 (16), 67 (46), 55
(15), 41 (14).


(S)-5-Methyl-1-aza-9-oxa-bicyclo[5.3.0]dec-5-en-10-one (35): 1H NMR
(300 MHz, CDCl3): d� 5.18 ± 5.14 (m, 1H), 4.48 ± 4.41 (m, 1H), 4.36 (t,
J� 7.8 Hz, 1 H), 3.93 (dd, J� 7.8, 5.6 Hz, 1 H), 3.85 ± 3.76 (m, 1H), 3.22 ±
3.15 (m, 1 H), 2.23 ± 2.19 (m, 2H), 1.92 ± 1.75 (m, 2H), 1.72 (s, 3H); 13C NMR
(75 MHz, CDCl3): d� 158.1, 141.9, 123.7, 68.8, 54.2, 45.1, 33.2, 26.2, 25.3;
MS (EI): m/z (%): 167 (29) [M]� , 152 (100), 108 (20), 94 (12), 81 (26), 80
(11), 79 (11), 67 (13), 53 (10), 41 (20), 39 (16), 27 (11); IR (film): nÄ � 3496,
2931, 1745, 1425, 1378, 1315, 1218, 1046, 761 cmÿ1; HRMS (C9H13NO2):
calcd 167.09463; found 167.09435.


(S)-1-Aza-10-oxa-bicyclo[6.3.0]undec-6-en-11-one (37): [a]20
D �ÿ84.88


(c� 0.70, CHCl3); 1H NMR (300 MHz, CDCl3): d� 5.91 ± 5.81 (m, 1H),
5.39 (dd, J� 10.9, 5.8 Hz, 1 H), 4.47 ± 4.37 (m, 2H), 3.96 ± 3.88 (m, 1H),
3.39 ± 3.30 (m, 2H), 2.39 ± 2.28 (m, 1 H), 2.17 ± 2.05 (m, 1 H), 1.84 ± 1.73 (m,
1H), 1.67 ± 1.43 (m, 3H); 13C NMR (75 MHz, CDCl3): d� 157.6, 134.3,
127.0, 68.1, 53.7, 43.1, 27.0, 25.6, 25.4; MS (EI): m/z (%): 167 (70) [M]� , 152
(77), 140 (14), 139 (17), 138 (39), 125 (20), 122 (25), 109 (16), 108 (32), 96
(14), 95 (27), 94 (51), 91 (12), 86 (11), 83 (13), 82 (31), 81 (49), 80 (85), 79
(37), 77 (14), 69 (13), 68 (36), 67 (75), 66 (13), 65 (13), 56 (22), 55 (65), 54
(55), 53 (33), 51 (10), 42 (25), 41 (100), 40 (11), 39 (60), 30 (14), 29 (16), 28
(32), 27 (35); IR (film): nÄ � 3017, 2930, 2859, 1747, 1652, 1420, 1247, 1222,
1183, 1053, 1029, 1005, 842, 778, 761, 739, 709, 689 cmÿ1; elemental analysis
calcd (%) for C9H13NO2: C 64.65, H 7.84, N 8.38; found: C 64.55, H 7.92, N
8.44.


1-(Toluene-4-sulfonyl)-2,3,4,7,8,9-hexahydro-1H-azonine (41): m.p. 103 ±
104 8C; 1H NMR (300 MHz, CDCl3): d� 7.74 ± 7.70 (m, 2H), 7.34 ± 7.30
(m, 2 H), 5.57 ± 5.46 (m, 2H), 2.97 (t, J� 6.3 Hz, 4 H), 2.47 ± 2.41 (m, 4H),
2.43 (s, 3 H), 1.90 ± 1.81 (m, 4H); 13C NMR (75 MHz, CDCl3): d� 143.1,
134.2, 130.0, 129.4, 127.5, 53.3, 28.2, 22.2, 21.4; IR (KBr): nÄ � 3005, 2966,
2922, 2857, 1661, 1595, 1490, 1462, 1330, 1156, 1095, 973, 808, 688, 549 cmÿ1;
MS: m/z (%): 279 (1) [M]� , 250 (1), 215 (1), 155 (3), 124 (100), 96 (18),
41(12); elemental analysis calcd (%) for C15H21NO2S: C 64.48, H 7.58;
found: C 64.48, H 7.58.


Benzo[2,1-i]3,4,5,8-tetrahydrooxecin-2-one (43): Mixture of isomers:
E :Z� 1:6.4; 1H NMR (300 MHz, CD2Cl2): d� 7.21 ± 7.05 (m, 2 H), 6.93 ±
6.90 (m, 1H), 5.25 ± 5.11 (m, 2H), 2.45 ± 2.21 (m, 4 H), 2.05 ± 1.18 (m, 4H);
13C NMR (75 MHz, CD2Cl2): E-isomer (resolved signals): d� 174.1, 149.5,
131.8, 131.5, 131.1, 129.4, 126.9, 125.9, 124.0, 36.2, 34.3, 32.7, 26.6; Z-isomer
(resolved signals): d� 171.7, 149.8, 132.3, 130.2, 130.0, 127.3, 126.9, 126.1,
123.4, 34.7, 30.2, 25.7, 25.1; IR (KBr): nÄ � 3062, 3037, 2941, 2923, 1752, 1656,
1491, 1448, 1208, 1171, 1131, 753, 707, 545 cmÿ1; MS: m/z (%): 202 (9) [M]� ,
173 (19), 145 (11), 131 (11), 118 (47), 107 (11), 91 (10), 84 (100), 55 (23);
elemental analysis calcd (%) for C13H14O2: C 77.20, H 6.98; found: C 77.06,
H 6.87.


Synthesis of the ADE-Ring Segment of Nakadomarin A


N-(4-Methoxybenzyl)-4-amino-1-butyne (63): Methanesulfonyl chloride
(41.6 mL, 0.535 mol) was added at 0 8C to a solution of 3-butyn-1-ol (62)
(25.0 g, 0.357 mol) in Et2O (500 mL) followed by dropwise addition of Et3N
(74.6 mL, 0.535 mol) over a period of 60 min. The resulting solution was
stirred for 12 h at ambient temperature. The precipitate was then dissolved
by addition of water and the aqueous phase was repeatedly extracted with
tert-butyl methyl ether. The combined organic layers were subsequently
washed with sat. aq. NH4Cl and brine and finally dried over Na2SO4.
Evaporation of the solvent afforded a pale yellow syrup which was
dissolved in THF (500 mL). Et3N (101 mL, 0.725 mol) and p-methoxyben-
zylamine (100 mL, 0.759 mmol) were added and the resulting solution was
refluxed for 14 h. A standard extractive work-up followed by flash
chromatography (silica gel, ethyl acetate) afforded amine 63 (58.3 g,
68%) as a pale yellow oil. 1H NMR (300 MHz, CDCl3): d� 7.25 (d, J�
8.7 Hz, 2 H), 6.87 (d, J� 8.7 Hz, 2H), 3.81 (s, 3H), 3.76 (s, 2 H), 2.80 (t, J�
6.6 Hz, 2 H), 2.41 (dt, J� 6.6, 2.6 Hz, 2H), 2.00 (t, J� 2.6 Hz, 1 H), 1.68 (br s,
1H); 13C NMR (75 MHz, CDCl3): d� 158.6, 132.2, 129.3 (2C), 113.8 (2C),


82.5, 69.5, 55.2, 52.7, 47.2, 19.5; MS: m/z (%): 189 (6) [M]� , 150 (20), 121
(100); IR (film): nÄ � 3291, 3061, 3031, 2952, 2933, 2912, 2835, 2116, 1612,
1585, 1513, 1463, 1301, 1247, 1176, 1109, 1035, 815, 638 cmÿ1; HRMS
(C12H15NO): calcd 189.11536; found 189.11525; elemental analysis calcd
(%) for C12H15NO: C 76.16, H 7.99, N 7.40; found: C 75.93, H 8.06, N 7.45.


N-(tert-Butoxycarbonyl)-N-(4-methoxybenzyl)-5-amino-1-pent-2-ynoic
tert-butyl ester (64): Di-tert-butyldicarbonate (55.8 g, 0.256 mol) was slowly
added to a solution of amine 63 (44.0 g, 0.233 mmol), DMAP (2.80 g,
23.2 mmol) and Et3N (35.0 mL, 0.256 mol) in CH2Cl2 (500 mL) at 0 8C and
the resulting mixture was stirred at ambient temperature for 72 h. Standard
extractive work-up followed by flash chromatography (silica gel, hexane/
ethyl acetate 15:1) provided N-(tert-butoxycarbonyl)-N-(4-methoxyben-
zyl)-4-amino-1-butyne (58.1 g, 86%) as a pale yellow syrup. 1H NMR
(300 MHz, CDCl3, rotamers): d� 7.17 (br s, 2H), 6.86 (d, J� 8.7 Hz, 2H),
4.45 (s, 2 H), 3.80 (s, 3 H), 3.32 (br s, 2 H), 2.34 (br s, 2H), 1.96 (t, J� 2.7 Hz,
1H), 1.50 (br s, 9H); 13C NMR [75 MHz, CDCl3, (resolved signals of
rotamers)]: d� 158.8, 155.3, 130.2, 129.1 [128.5] (2C), 113.9 (2C), [82.0]
81.8, 79.9, 69.5, 55.2, [50.6] 49.8, 45.2, 28.4 (3C), 18.2 [18.0]; MS (EI): m/z
(%): 289 (4) [M]� , 233 (23), 159 (19), 121 (100), 57 (36); IR (film): nÄ � 3294,
3064, 3002, 2975, 2933, 2836, 2119, 1692, 1612, 1586, 1513, 1465, 1411, 1366,
1248, 1166, 1121, 1036, 882, 818, 774, 638 cmÿ1; HRMS (C17H23NO3): calcd
289.16779; found 289.16786; elemental analysis calcd (%) for C17H23NO3: C
70.56, H 8.01, N 4.84; found: C 70.41, H 8.09, N 4.88.


nBuLi (43.6 mL, 69.7 mmol, 1.60m in hexane) was slowly added at ÿ78 8C
to a solution of the compound obtained above (16.8 g, 58.1 mmol) in Et2O
(300 mL). After the mixture had been stirred for 30 min at that temper-
ature, di-tert-butyldicarbonate (17.7 g, 81.3 mmol) was introduced, and
stirring was continued for another 15 min atÿ78 8C before the mixture was
allowed to reach ambient temperature. After 1 h, the reaction was
quenched with sat. aq. NH4Cl, the aqueous layer was extracted with ethyl
acetate, and the combined organic phases were dried over Na2SO4.
Evaporation of the solvent followed by flash chromatography of the
residue (silica gel, hexane/ethyl acetate 10:1!4:1) afforded the title
compound 64 (21.7 g, 96%) as a colorless liquid. 1H NMR (300 MHz,
CDCl3, rotamers): d� 7.17 (br s, 2H), 6.86 (d, J� 8.6 Hz, 2H), 4.44 (s, 2H),
3.81 (s, 3H), 3.33 (br s, 2H), 2.46 (br s, 2 H), 1.49 (s, 18 H); 13C NMR [75 Hz,
CDCl3, (resolved signals of rotamers)]: d� 158.9, 158.8, 152.6, 130.2, 129.2
[128.6] (2C), 113.9 (2C), 84.7, 83.2, 80.2, 75.3, 55.2, [50.8] 49.7, 44.4, 28.4
(3C), 27.9 (3C), 18.5; MS (EI): m/z (%): 389 (<1) [M]� , 277 (29), 232 (41),
169 (10), 121 (100), 57 (52), 41 (10); IR (film): nÄ � 3063, 3002, 2978, 2934,
2837, 2241, 1704, 1612, 1586, 1513, 1468, 1410, 1368, 1282, 1251, 1163, 1121,
1074, 1036, 887, 845, 755 cmÿ1; elemental analysis calcd (%) for C22H31NO5:
C 67.84, H 8.02, N 3.69; found: C 67.92, H 8.08, N 3.66.


N-(4-Methoxybenzyl)-5-amino-1-pent-2-ynoic tert-butyl ester (65): A solu-
tion of compound 64 (17.8 g, 45.7 mmol) in Et2O (100 mL) and tBuOH
(5 mL) was treated with pTsOH ´ H2O (17.4 g, 91.4 mmol) and the mixture
was vigorously stirred (mechanical stirrer) for 16 h at ambient temperature.
The precipitate formed was dissolved by addition of 2n NaOH (100 mL)
and the resulting solution was repeatedly extracted with tert-butyl methyl
ether. The combined organic layers were dried over Na2SO4, the solvent
was evaporated and the residue purified by flash chromatography (silica
gel, ethyl acetate) affording product 65 (9.70 g, 73 %) as a pale yellow oil.
1H NMR (300 MHz, CDCl3): d� 7.25 (d, J� 8.6 Hz, 2 H), 6.87 (d, J�
8.6 Hz, 2 H), 3.81 (s, 3H), 3.75 (s, 2H), 2.84 (t, J� 6.7 Hz, 2 H), 2.51 (t,
J� 6.7 Hz, 2 H), 1.60 (br s, 1H), 1.50 (s, 9 H); 13C NMR (75 MHz, CDCl3):
d� 158.7, 152.7, 132.0, 129.2 (2C), 113.8 (2C), 84.7, 83.1, 75.4, 55.2, 52.6,
46.4, 28.0 (3 C), 19.9; MS (EI): m/z (%): 289 (< 1) [M]� , 232 (20), 150 (17),
122 (11), 121 (100); IR (film): nÄ � 2978, 2934, 2835, 2237, 1705, 1612, 1570,
1513, 1461, 1369, 1279, 1249, 1161, 1129, 1074, 1035, 844, 754 cmÿ1;
elemental analysis calcd (%) for C17H23NO3: C 70.56, H 8.01, N 4.84; found:
C 70.50, H 7.93, N 4.76.


(3 rac, 5R)-1-(tert-Butoxycarbonyl)-3-(thioethoxycarbonyl)-2-pyrrolidinon-
5-carboxylic methyl ester (67): Bis-(trimethylsilyl)-lithiumamide (14.3 g,
85.5 mmol) was slowly added to a solution of (R)-66 (10.4 g, 42.7 mmol) in
THF (250 mL) at ÿ78 8C. The resulting yellow solution was stirred for 1 h
at that temperature before (chloro)thioformic ethyl ester (6.38 g,
51.2 mmol) was introduced and stirring was continued for another
60 min. The reaction was quenched by adding sat. aq. NH4Cl at ÿ78 8C.
The mixture was extracted with tert-butyl methyl ether and water, the
combined organic layers were washed with sat. aq. NH4Cl and brine, dried
over Na2SO4, and the solvent was evaporated. Flash chromatography of the
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crude product (silica gel, hexane/ethyl acetate 2:1! 1:1) afforded
thioester 67 (13.5 g, 95%) as a colorless solid (mixture of diastereoisom-
ers): m.p. 105 ± 106 8C; [a]20


D ��4.688 (c� 1.18, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 4.66 (dd, J� 9.4, 3.0 Hz), 4.61 (dd, J� 9.4, 4.2 Hz)
[1H], 3.78 (s), 3.77 (s) [3 H], 2.99 ± 2.70 (m, 3H), 2.62 ± 2.47 (m, 1 H), 2.21
(ddd, J� 9.0, 3.0 Hz), 2.16 (dd, J� 9.0, 3.0 Hz) [1H], 1.48 (s, 9H), 1.30 ± 1.23
(m, 3H); 13C NMR [75 MHz, CDCl3, (resolved signals of the diastereo-
isomer)]: d� 194.2 [193.1], 171.4 [170.6], 167.5 [167.4], 149.0, 84.3 [84.1],
[57.5] 57.0, [56.5] 55.7, [52.7] 52.6, 27.8 (3 C), 25.2 [24.4], [24.3] 24.1, [15.5]
14.2; MS: m/z (%): 231 (23), 172 (16), 170 (22), 143 (26), 142 (15), 110 (14),
57 (100), 41 (12); IR (film): nÄ � 3449, 3343, 2978, 2934, 2877, 1793, 1753,
1724, 1677, 1599, 1455, 1439, 1371, 1314, 1288, 1254, 1212, 1152, 1071, 1017,
975, 844, 774 cmÿ1; HRMS (C14H21NO6S�H): calcd 332.11678; found
332.11667; elemental analysis calcd (%) for C14H21NO6S: C 50.74, H 6.30, N
4.23; found: C 50.60, H 6.43, N 4.28.


(3 rac, 5R)-1-(tert-Butoxycarbonyl)-3-{[(N-tert-butoxycarbonyl-N-(4-meth-
oxy-benzyl)-but-3-yn-1-yl]-carbamoyl}-2-pyrrolidinon-5-carboxylic methyl
ester (68): Silver trifluoromethanesulfonate (6.27 g, 24.4 mmol) was slowly
added to a solution of thioester 67 (7.36 g, 22.2 mmol), amine 65 (8.03 g,
27.8 mmol) and (iPr)2NEt (6.89 g, 53.3 mmol) in CH3CN (150 mL) and the
reaction mixture was stirred for 14 h in the dark. The resulting suspension
was filtered through a pad of Celite and the insoluble residues were
thoroughly washed with ethyl acetate. Evaporation of the combined
filtrates followed by flash chromatography of the residue (silica gel,
hexane/ethyl acetate 2:1! 1:1) afforded 68 as a mixture of diastereoisom-
ers. Pale yellow foam (9.01 g, 73 %): m.p. 120 ± 123 8C; [a]20


D �ÿ10.08 (c�
1.15, CHCl3); 1H NMR (300 MHz, CDCl3): d� 7.20 ± 7.11 (m, 2 H), 6.91 ±
6.83 (m, 2 H), 5.03 ± 4.54 (m, 2H), 4.48 ± 3.83 (m, 2H), 3.80 (s), 3.789 (s),
3.785 (s), 3.78 (s), 3.75 (s) [6 H], 3.41 ± 3.27 (m, 1H), 3.20 ± 2.97 (m, 1H),
2.83 ± 2.37 (m, 2 H), 2.30 ± 2.23 (m), 2.07 ± 1.98 (m) [1 H], 1.80 (br s, 1H), 1.50
(s), 1.494 (s), 1.487 (s), 1.48 (s), 1.47 (s), 1.46 (s) [18H]; 13C NMR (75 MHz,
CDCl3): d� 171.8, 170.6, 169.7, 169.5, 169.2, 167.3, 167.2, 166.74, 166.70,
159.3, 159.0, 152.5, 152.0, 148.8, 129.3, 129.0, 128.8, 128.3, 128.2, 128.1, 128.0,
127.9, 127.7, 114.3, 114.2, 114.1, 84.2, 84.0, 83.52, 83.48, 83.2, 82.5, 76.7, 75.5,
62.0, 57.9, 57.8, 57.5, 57.3, 55.3, 55.2, 52.60, 52.58, 52.53, 52.48, 51.5, 50.5, 48.1,
46.2, 46.0, 45.5, 45.0, 44.9, 44.1, 28.1, 27.91, 27.88, 27.8, 25.2, 25.1, 18.6, 17.4;
MS (EI): m/z (%): 558 (<1) [M]� , 232 (27), 216 (22), 215 (29), 172 (13), 121
(100), 57 (24), 41 (11); IR (KBr): nÄ � 2980, 2240, 1790, 1751, 1706, 1651,
1613, 1514, 1457, 1370, 1285, 1252, 1153, 1075, 1033, 845, 755, 641 cmÿ1;
HRMS (C29H38N2O9�H): calcd 559.26555; found 559.26617; elemental
analysis calcd (%) for C29H38N2O9: C 62.35, H 6.86, N 5.01; found: C 62.19,
H 6.95, N 4.88.


(3R, 5R, 10R)-10-(tert-Butoxycarbonylmethyl)-7-(4-methoxybenzyl)-
1,6-dioxa-2,7-diaza-spiro[4.5]decane-2,3-dicarboxylic 2-tert-butyl ester-3-
methyl ester (70): A solution of amide 68 (9.01 g, 16.1 mmol) and (iPr)2NEt
(4.16 g, 32.2 mmol) in CH3CN (300 mL) was refluxed for 16 h. The reaction
mixture was extracted with tert-butyl methyl ether and sat. aq. NH4Cl, and
the combined organic layers were dried over Na2SO4. After evaporation of
the solvent, the residue was dissolved in MeOH (250 mL), Pd on charcoal
was added (4.50 g, 10% Pd) and the resulting mixture was stirred for 16 h
under an atmosphere of H2 (1 atm, introduced after three freeze ± thaw
cycles). For work-up, the catalyst was filtered off, the insoluble residues
were carefully rinsed with ethyl acetate, the combined filtrates were
evaporated, and the residue was purified by flash chromatography
affording the spriocycle 70 as a colorless foam (7.22 g, 80%): m.p. 132 ±
133 8C; [a]20


D ��39.18 (c� 1.30, CHCl3); 1H NMR (600 MHz, CDCl3): d�
7.12 (d, J� 8.7 Hz, 2H), 6.82 (d, J� 8.7 Hz, 2H), 4.67 (d, J� 14.2 Hz, 1H),
4.65 (dd, J� 10.5, 3.8 Hz, 1 H), 4.32 (d, J� 14.6 Hz, 1H), 3.79 (s, 3H), 3.76
(s, 3 H), 3.25 ± 3.14 (m, 2 H), 2.87 (dd, J� 13.8, 3.8 Hz, 1 H), 2.46 ± 2.37 (m,
1H), 2.33 ± 2.21 (m, 4H), 1.72 ± 1.68 (m, 1 H), 1.49 (s, 9 H), 1.41 (s, 9H);
13C NMR (150 MHz, CDCl3): d� 171.2, 171.0, 170.8, 167.8, 159.0, 149.1,
129.2, 128.4 (2C), 114.0 (2C), 83.8, 81.3, 57.2, 55.7, 55.2, 52.6, 50.1, 45.6, 39.0,
36.6, 32.0, 28.0 (3C), 27.8 (3C), 24.1; MS (EI): m/z (%): 560 (<1) [M]� , 460
(14), 432 (10), 404 (16), 403 (34), 387 (11), 376 (19), 359 (12), 317 (21), 163
(15), 122 (12), 121 (100), 57 (18), 41 (14); IR (film): nÄ � 2979, 2934, 2254,
1789, 1727, 1643, 1612, 1513, 1457, 1438, 1393, 1369, 1308, 1248, 1154, 1035,
992, 947, 913, 844, 815, 733, 647 cmÿ1; MALDI (C29H40N2O9�Na): calcd
583.2626; found 583.2624; elemental analysis calcd (%) for C29H40N2O9: C
62.13, H 7.19, N 5.08; found: C 62.10, H 7.26, N 4.92.


(3R, 5S, 10R)-10-(tert-Butoxycarbonylmethyl)-7-(4-methoxybenzyl)-1,6-
dioxa-2,7-diaza-spiro[4.5]decane-3-carboxylic methyl ester (71): Mg(ClO4)2


(751 mg, 3.37 mmol) was added to a solution of compound 70 (7.55 g,
13.5 mmol) in CH3CN (100 mL) and the resulting mixture was stirred for
2 h at 50 8C. Standard extractive work-up followed by flash chromatog-
raphy of the crude product (silica gel, hexane/ethyl acetate, 1:1! 1:2)
afforded title compound 71 (6.15 g, 99%) as a colorless foam: m.p. 66-
67 8C; [a]20


D ��49.68 (c� 1.05, CHCl3); 1H NMR (300 MHz, CDCl3): d�
7.15 (d, J� 8.7 Hz, 2H), 6.85 (d, J� 8.7 Hz, 2H), 6.21 (s, 1 H), 4.71 (d, J�
14.6 Hz, 1H), 4.37 (d, J� 14.6 Hz, 1H), 4.18 (dd, J� 10.0, 3.3 Hz, 1 H), 3.83
(s, 3H), 3.79 (s, 3H), 3.25 ± 3.21 (m, 2H), 3.10 (dd, J� 13.9, 3.3 Hz, 1H),
2.50 ± 2.25 (m, 5H), 1.79 ± 1.71 (m, 1 H), 1.43 (s, 9H); 13C NMR (75 MHz,
CDCl3): d� 175.0, 171.6, 171.3, 168.9, 158.9, 129.1 (2C), 128.6, 114.0 (2C),
81.1, 55.2, 53.4, 53.3, 52.7, 50.0, 45.8, 38.1, 36.3, 34.9, 28.0 (3C), 24.3; MS
(EI): m/z (%): 460 (16) [M]� , 432 (13), 404 (24), 403 (48), 387 (18), 376 (25),
317 (38), 163 (26), 162 (17), 136 (10), 122 (14), 121 (100), 57 (12); IR (KBr):
nÄ � 3396, 2975, 2953, 2934, 1712, 1639, 1513, 1439, 1368, 1248, 1153, 1033,
957, 845, 816 cmÿ1; HRMS (C24H32N2O7): calcd 460.22095; found 460.22077;
elemental analysis calcd (%) for C24H32N2O7: C 62.59, H 7.00, N 6.08;
found: C 62.65, H 6.88, N 6.03.


(3R, 5S, 10R)-10-(tert-Butoxycarbonylmethyl)-3-(2-hydroxymethyl)-7-(4-
methoxy-benzyl)-1,6-dioxa-2,7-diaza-spiro[4.5]decane (72): LiBH4


(48.0 mg, 2.19 mmol) was added to a solution of methyl ester 71 (504 mg,
1.09 mmol) in THF (50 mL) at ÿ20 8C, the cooling bath was removed after
5 min, and the mixture was stirred for 30 min at ambient temperature. The
reaction was quenched by addition of aq. sat. NH4Cl (20 mL), the aqueous
phase was repeatedly extracted with ethyl acetate, the combined organic
layers were dried over Na2SO4 and evaporated, and the residue was
purified by flash chromatography (silica gel, ethyl acetate) affording
alcohol 72 as a colorless foam (388 mg, 82 %); m.p. 65 ± 68 8C; [a]20


D �
�36.48 (c� 0.470, CHCl3); 1H NMR (300 MHz, CDCl3): d� 7.18 (d, J�
8.7 Hz, 2 H), 6.86 (d, J� 8.7 Hz, 2H), 6.68 (s, 1 H), 4.72 (s, 1H), 4.63 (d, J�
14.6 Hz, 1 H), 4.50 (d, J� 14.6 Hz, 1 H), 3.79 (s, 3H), 3.78 ± 3.76 (m, 2H),
3.32 ± 3.22 (m, 2H), 2.68 (dd, J� 14.2, 4.1 Hz, 1H), 2.49 ± 2.12 (m, 5H),
1.77 ± 1.73 (m, 2 H), 1.44 (s, 9 H); 13C NMR (75 MHz, CDCl3): d� 175.3,
171.3, 170.9, 159.0, 129.1 (2 C), 128.2, 114.1 (2C), 81.1, 65.8, 55.3, 54.4, 53.1,
50.6, 46.3, 39.5, 36.6, 34.6, 28.1 (3C), 24.1; MS (EI): m/z (%): 432 (9) [M]� ,
404 (11), 376 (17), 375 (34), 359 (17), 348 (21), 289 (29), 163 (25), 162 (13),
136 (10), 122 (13), 121 (100), 57 (11); IR (KBr): nÄ � 3398, 2974, 2932, 1725,
1698, 1617, 1514, 1456, 1439, 1368, 1248, 1154, 1033, 970, 945, 845, 814,
760 cmÿ1; HRMS (C23H32N2O6): calcd 432.22604; found 432.22628; ele-
mental analysis calcd (%) for C23H32N2O6: C 63.87, H 7.46, N 6.41; found: C
63.94, H 7.45, N 6.48.


(3R, 5S, 10R)-10-(tert-Butoxycarbonylmethyl)-7-(4-methoxybenzyl)-1,6-
dioxa-2,7-diaza-spiro[4.5]decane-3-carboxaldehyde (73): Dess ± Martin pe-
riodinane (868 mg, 2.05 mmol) was added to a solution of alcohol 72
(590 mg, 1.36 mmol) in CH2Cl2 (10 mL). A solution of H2O (28.0 mL,
1.56 mmol) in CH2Cl2 (28 mL) was then added dropwise over a period of
30 min during which the mixture became turbid and a colorless precipitate
started to form. After stirring for another 30 min at ambient temperature,
Na2S2O3 (10 % in H2O)/sat. aq. NH4Cl (30 mL, 1:1) and tert-butyl methyl
ether (50 mL) were added, the aqueous layer was extracted with ethyl
acetate in several portions, the combined organic layers were dried over
Na2SO4, the solvent was evaporated, and the residue was rapidly passed
through a short column of silica gel using ethyl acetate as the eluent. This
afforded aldehyde 73 (459 mg, 78%) as a colorless foam: m.p. 62 ± 64 8C;
[a]20


D ��37.78 (c� 1.60, CHCl3); 1H NMR (300 MHz, CDCl3): d� 9.73 (s,
1H), 7.19 ± 7.09 (m, 3H), 6.84 (d, J� 8.7 Hz, 2H), 4.62 (d, J� 14.6 Hz, 1H),
4.40 (d, J� 14.6 Hz, 1 H), 3.90 (d, J� 10.2 Hz, 1H), 3.78 (s, 3 H), 3.25 ± 3.22
(m, 2H), 2.86 (dd, J� 13.7, 2.0 Hz, 1H), 2.52 ± 2.18 (m, 5 H), 1.79 ± 1.61 (m,
1H), 1.43 (s, 9H); 13C NMR (75 MHz, CDCl3): d� 200.2, 176.1, 171.3, 169.5,
159.0, 129.1 (2C), 128.3, 114.0 (2 C), 81.0, 58.8, 55.2, 52.7, 50.0, 46.0, 37.6,
36.5, 33.8, 28.0 (3C), 24.4; MS (EI): m/z (%): 432 (9) [M]� , 404 (11), 376
(17), 375 (34), 359 (17), 348 (21), 289 (29), 163 (25), 162 (13), 136 (10), 122
(13), 121 (100), 57 (11); IR (KBr): nÄ � 3398, 2974, 2932, 1725, 1698, 1617,
1514, 1456, 1439, 1368, 1248, 1154, 1033, 970, 945, 845, 814, 760 cmÿ1;
HRMS (C23H30N2O6): calcd 432.22604; found 432.22628; elemental analysis
calcd (%) for C23H30N2O6: C 63.87, H 7.46, N 6.41; found: C 63.94, H 7.45, N
6.48.


(3R, 5S, 10R)-10-(tert-Butoxycarbonylmethyl)-7-(4-methoxybenzyl)-3-
vinyl-1,6-dioxa-2,7-diaza-spiro[4.5]decane (74): CH2I2 (2.20 mL,
27.3 mmol) was added to a suspension of zinc dust (3.20 g, 49.3 mmol;
previously activated by washing with 2n HCl and diethyl ether, followed by
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drying in high vacuum) in THF (100 mL). After the quite exothermic
reaction had ceased after 30 min, Ti(OiPr)4 (16.4 mL, 16.4 mmol, 1.00m in
THF) was introduced and stirring was continued at ambient temperature
for another 30 min. Aldehyde 73 (1.18 g, 2.73 mmol) was then added and
the mixture was stirred for 14 h. The reaction was quenched with sat. aq.
NH4Cl (50 mL), the aqueous layer was extracted with tert-butyl methyl
ether and ethyl acetate, the combined organic layers were washed with aq.
Na2S2O3 (10 % w/w) and brine, and were dried over Na2SO4. Evaporation
of the solvent followed by flash chromatography of the residue (silica gel,
hexane/ethyl acetate 2:1! 1:2) provided 74 (985 mg, 84%) as a colorless
foam: m.p. 78 ± 81 8C; [a]20


D ��42.68 (c� 1.11, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 7.19 (d, J� 8.7 Hz, 2 H), 6.84 (d, J� 8.7 Hz, 2H),
6.07 (ddd, J� 18.0, 10.0, 8.2 Hz, 1H), 5.90 (s, 1H), 5.17 ± 5.12 (m, 2H), 4.71
(d, J� 14.6 Hz, 1H), 4.43 (d, J� 14.6 Hz, 1H), 4.08 (ddd, J� 8.4, 8.4,
5.8 Hz, 1H), 3.79 (s, 3 H), 3.29 ± 3.25 (m, 2 H), 2.86 (dd, J� 13.8, 5.8 Hz,
1H), 2.46 ± 2.21 (m, 5 H), 1.80 ± 1.71 (m, 1 H), 1.44 (s, 9 H); 13C NMR
(75 MHz, CDCl3): d� 175.1, 171.3, 169.4, 158.9, 139.5, 129.1 (2C), 128.7,
116.6, 114.0 (2 C), 81.0, 55.22, 55.19, 54.9, 50.4, 46.0, 39.2, 38.9, 36.8, 28.0
(3C), 24.2; MS (EI): m/z (%): 428 (8) [M]� , 400 (13), 372 (13), 371 (48), 355
(21), 344 (30), 285 (39), 163 (28), 162 (13), 136 (11), 122 (13), 121 (100), 57
(12); IR (KBr): nÄ � 3265, 3080, 2978, 2935, 2837, 1727, 1697, 1638, 1513,
1491, 1456, 1434, 1368, 1292, 1248, 1152, 1033, 996, 969, 925, 844, 814, 759,
662, 614, 515 cmÿ1; HRMS (C24H32N2O5): calcd 428.23118; found
428.23093; elemental analysis calcd (%) for C24H32N2O5: C 67.27, H 7.53,
N 6.54; found: C 67.34, H 7.51, N 6.44.


(3R, 5S, 10R)-10-(tert-Butoxycarbonylmethyl)-2-(5-hexenyl)-7-(4-meth-
oxy-benzyl)-3-vinyl-1,6-dioxa-2,7-diaza-spiro[4.5]decane (75): NaH
(130 mg, 5.42 mmol) was added in portions to a stirred solution of
compound 74 (2.11 g, 4.92 mmol) in DMF (150 mL) at 0 8C and the
mixture was stirred at ambient temperature for 60 min until the evolution
of H2 had ceased. 6-Iodo-1-hexene (1.55 g, 7.38 mmol) was then introduced
at 0 8C and stirring was continued at ambient temperature for another
60 min. For work-up, sat. aq. NH4Cl (50 mL) and tert-butyl methyl ether
(200 mL) were added, the aqueous layer was repeatedly extracted with
ethyl acetate, the combined organic phases were washed with aq. HCl (1n)
and brine, dried over Na2SO4 and evaporated. Flash chromatography of the
crude product (silica gel, hexane/ethyl acetate 2:1) afforded diene 75 as a
colorless foam (2.21 g, 88 %): m.p. 84 ± 87 8C; [a]20


D ��33.28 (c� 1.09,
CHCl3); 1H NMR (300 MHz, CDCl3): d� 7.19 (d, J� 8.7 Hz, 2H), 6.86 (d,
J� 8.7 Hz, 2H), 6.05 (dt, J� 17.0, 9.6 Hz, 1H), 5.86 ± 5.73 (m, 1 H), 5.29 ±
5.21 (m, 2 H), 5.05 ± 4.93 (m, 2 H), 4.74 (d, J� 14.7 Hz, 1H), 4.41 (d, J�
14.7 Hz, 1 H), 4.01 (dt, J� 9.1, 5.2 Hz, 1H), 3.79 (s, 3 H), 3.56 (ddd, J� 13.6,
8.7, 6.7 Hz, 1H), 3.29 ± 3.25 (m, 2H), 2.93 (ddd, J� 13.6, 8.3, 5.2 Hz, 1H),
2.70 (dd, J� 13.9, 5.2 Hz, 1 H), 2.56 ± 2.48 (m, 1H), 2.32 ± 2.04 (m, 6H),
1.73 ± 1.33 (m, 5 H), 1.44 (s, 9 H); 13C NMR (75 MHz, CDCl3): d� 172.0,
171.4, 169.9, 158.9, 139.2, 138.4, 128.9 (2 C), 128.7, 118.2, 114.7, 114.1 (2C),
81.0, 60.1, 55.2, 55.1, 50.3, 46.2, 40.7, 39.8, 36.8, 36.4, 33.2, 28.0 (3C), 26.3,
26.2, 24.3; MS (EI): m/z (%): 510 (10) [M]� , 482 (16), 454 (22), 453 (43), 426
(32), 367 (36), 163 (31), 162 (15), 122 (11), 121 (100); IR (KBr): nÄ � 3076,
2981, 2926, 1732, 1671, 1635, 1513, 1489, 1426, 1366, 1261, 1251, 1178, 1153,
1101, 1035, 996, 924, 848, 812, 758 cmÿ1; HRMS (C30H42N2O5): calcd
510.30937; found 510.30975; elemental analysis calcd (%) for C30H42N2O5:
C 70.56, H 8.29, N 5.49; found: C 70.39, H 8.22, N 5.38.


(8'R, 3S, 4R)-1-(4-Methoxybenzyl)-4-(tert-butoxycarbonylmethyl)-spi-
ro[(2-piperidone)-3,12'-(1'-aza-bicyclo[6.3.0]undec-6'-en-11'-one)] (76): A
solution of diene 75 (446 mg, 0.873 mmol) and complex 3b (40.3 mg,
43.7 mmol) in CH2Cl2 (450 mL) was refluxed for 18 h. The reaction mixture
was passed through a short pad of silica, the filtrate was evaporated and the
crude product was purified by flash chromatography (silica gel, hexane/
ethyl acetate 2:1! 1:1) affording compound 76 as a colorless foam
(413 mg, 98 %): m.p. 84 ± 86 8C; [a]20


D ��28.98 (c� 0.875, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 7.20 (d, J� 8.7 Hz, 2 H), 6.86 (d, J� 8.7 Hz, 2H),
5.93 (dt, J� 10.5, 8.5 Hz, 1H), 5.59 (dd, J� 10.6, 7.5 Hz, 1H), 4.67 (d, J�
14.6 Hz, 1H), 4.49 (d, J� 14.6 Hz, 1 H), 4.34 (q, J� 7.5 Hz, 1H), 3.78 (s,
3H), 3.77 ± 3.66 (m, 1 H), 3.27 ± 3.12 (m, 2 H), 3.14 (dd, J� 13.8, 6.8 Hz,
1H), 2.82 (dd, J� 13.4, 6.8 Hz, 1H), 2.44 ± 2.00 (m, 8 H), 1.73 ± 1.63 (m, 2H),
1.54 ± 1.40 (m, 2 H), 1.43 (s, 9 H); 13C NMR (75 MHz, CDCl3): d� 171.5,
171.4, 169.9, 158.8, 134.1, 129.8, 129.1 (2C), 128.8, 114.0 (2 C), 80.9, 56.1,
55.2, 53.6, 50.4, 45.3, 41.2, 39.5, 37.4, 36.8, 28.0 (3C), 27.8, 27.0, 26.1, 24.5; MS
(EI): m/z (%): 482 (11) [M]� , 454 (13), 426 (25), 425 (35), 409 (18), 398 (25),
339 (35), 163 (29), 162 (13), 122 (11), 121 (100); IR (KBr): nÄ � 3062, 2963,


2931, 2868, 1727, 1677, 1638, 1513, 1491, 1456, 1438, 1420, 1366, 1354, 1248,
1153, 1109, 1095, 1032, 962, 925, 845, 811, 760, 710, 663, 610, 549 cmÿ1;
HRMS (C28H38N2O5): calcd 482.27807; found 482.27816; elemental analysis
calcd (%) for C28H38N2O5: C 69.68, H 7.94, N 5.80; found: C 69.76, H 8.03, N
5.69.


(8'R, 3S, 4R)-4-(Methoxycarbonylmethyl)-spiro[(2-piperidone)-3,12'-(1'-
aza-bicyclo-[6.3.0]undec-6'-en-11'-one)] (77): Compound 76 (2.07 g,
4.29 mmol) was dissolved in trifluoroacetic acid (50 mL) and the solution
was refluxed for 18 h. The acid was then removed in vacuo and the residue
was dried at <10ÿ3 Torr. To a solution of the crude product thus formed in
toluene/MeOH (3.5:1, 100 mL) was slowly added a solution of (trimethyl-
silyl)diazomethane (2.00m in hexane) until a pale yellow color persisted
and no further evolution of gas could be detected. Stirring was continued
for 30 min before so much HOAc was added dropwise that the yellow color
completely disappeared. Evaporation of the solvent followed by purifica-
tion of the crude product by flash chromatography (silica gel, ethyl acetate/
methanol 20:1) delivered title compound 77 as a pale yellow foam (1.17 g,
85%). M.p. 103 ± 106 8C; [a]20


D ��19.48 (c� 0.825, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 6.68 (br s, 1 H), 5.90 (dt, J� 10.2, 8.5 Hz, 1H), 5.49
(dd, J� 10.2, 7.7 Hz, 1H), 4.29 (quart, J� 7.5 Hz, 1H), 3.70 ± 3.57 (m, 1H),
3.66 (s, 3 H), 3.40 ± 3.31 (m, 2H), 3.01 (dd, J� 13.8, 7.0 Hz, 1H), 2.70 (dd,
J� 13.4, 7.0 Hz, 1H), 2.49 ± 2.08 (m, 7 H), 2.02 ± 1.93 (m, 1 H), 1.76 ± 1.64 (m,
2H), 1.45 ± 1.30 (m, 2 H); 13C NMR (75 MHz, CDCl3): d� 172.5, 171.6,
170.9, 134.3, 129.4, 55.5, 53.3, 51.7, 41.0, 40.7, 38.6, 36.8, 35.1, 27.7, 26.9, 26.2,
24.4; MS (EI): m/z (%): 321 (20), 320 (100) [M]� , 289 (24), 260 (15), 253
(12), 250 (11), 247 (29), 220 (20), 219 (24), 192 (13), 191 (24), 190 (25), 189
(23), 163 (12), 124 (15), 123 (14), 108 (10), 81 (11), 80 (16), 67 (12), 53 (11),
41 (18), 30 (10); IR (KBr): nÄ � 3442, 3090, 3020, 2931, 2867, 1736, 1666, 1491,
1438, 1345, 1285, 1254, 1171, 1086, 999, 948, 922, 862, 841, 783, 668, 570,
539 cmÿ1; HRMS (C17H24N2O4): calcd 320.17361; found 320.17353; ele-
mental analysis calcd (%) for C17H24N2O4: C 63.73, H 7.55, N 8.74; found: C
63.65, H 7.59, N 8.79.


Acknowledgement


Generous financial support by the Deutsche Forschungsgemeinschaft
(Leibniz award to A.F.) and the Fonds der Chemischen Industrie is
gratefully acknowledged. We thank J. E. Grabowski, K. Radkowski, I.
Storch de Gracia and O. R. Thiel for performing some of the RCM
reactions shown in Table 2, and Mrs. C. Wirtz for recording the NOE data.
Thanks also go to Dr. A. F. Hill, Imperial College, for providing an
authentic sample of the catalyst for initial screenings and for structure
elucidation purposes.


[1] a) T. M. Trnka, R. H. Grubbs, Acc. Chem. Res. 2001, 34, 18 ± 29; b) A.
Fürstner, Angew. Chem. 2000, 112, 3140 ± 3172; Angew. Chem. Int. Ed.
2000, 39, 3012 ± 3043; c) R. H. Grubbs, S. Chang, Tetrahedron 1998, 54,
4413 ± 4450; d) M. Schuster, S. Blechert, Angew. Chem. 1997, 109,
2124 ± 2144; Angew. Chem. Int. Ed. Engl. 1997, 36, 2037 ± 2056; e) A.
Fürstner, Top. Catal. 1997, 4, 285 ± 299; f) S. K. Armstrong, J. Chem.
Soc. Perkin Trans. 1 1998, 371 ± 388; g) K. J. Ivin, J. Mol. Catal. A :
Chem. 1998, 133, 1 ± 16; h) M. L. Randall, M. L. Snapper, J. Mol.
Catal. A : Chem. 1998, 133, 29 ± 40; i) R. R. Schrock, Tetrahedron 1999,
55, 8141 ± 8153; j) M. E. Maier, Angew. Chem. 2000, 112, 2153 ± 2157;
Angew. Chem. Int. Ed. 2000, 39, 2073 ± 2077.


[2] a) S. T. Nguyen, L. K. Johnson, R. H. Grubbs, J. W. Ziller, J. Am.
Chem. Soc. 1992, 114, 3974 ± 3975; b) S. T. Nguyen, R. H. Grubbs,
J. W. Ziller, J. Am. Chem. Soc. 1993, 115, 9858 ± 9859; c) Z. Wu, S. T.
Nguyen, R. H. Grubbs, J. W. Ziller, J. Am. Chem. Soc. 1995, 117,
5503 ± 5511.


[3] a) P. Schwab, M. B. France, J. W. Ziller, R. H. Grubbs, Angew. Chem.
1995, 107, 2179 ± 2181; Angew. Chem. Int. Ed. Engl. 1995, 34, 2039 ±
2041; b) P. Schwab, R. H. Grubbs, J. W. Ziller, J. Am. Chem. Soc. 1996,
118, 100 ± 110.


[4] a) J. Huang, E. D. Stevens, S. P. Nolan, J. L. Petersen, J. Am. Chem.
Soc. 1999, 121, 2674 ± 2678; b) M. Scholl, T. M. Trnka, J. P. Morgan,
R. H. Grubbs, Tetrahedron Lett. 1999, 40, 2247 ± 2250; c) M. Scholl, S.
Ding, C. W. Lee, R. H. Grubbs, Org. Lett. 1999, 1, 953 ± 956; d) L.
Ackermann, A. Fürstner, T. Weskamp, F. J. Kohl, W. A. Herrmann,







FULL PAPER A. Fürstner et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4820 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 224820


Tetrahedron Lett. 1999, 40, 4787 ± 4790; e) T. Weskamp, F. J. Kohl, W.
Hieringer, D. Gleich, W. A. Herrmann, Angew. Chem. 1999, 111,
2573 ± 2576; Angew. Chem. Int. Ed. 1999, 38, 2416 ± 2419; f) A.
Fürstner, O. R. Thiel, L. Ackermann, H.-J. Schanz, S. P. Nolan, J.
Org. Chem. 2000, 65, 2204 ± 2207; g) A. Fürstner, L. Ackermann, B.
Gabor, R. Goddard, C. W. Lehmann, R. Mynott, F. Stelzer, O. R.
Thiel, Chem. Eur. J. 2001, 7, 3236 ± 3253.


[5] a) J. Wolf, W. Stüer, C. Grünwald, H. Werner, P. Schwab, M. Schulz,
Angew. Chem. 1998, 110, 1165 ± 1167; Angew. Chem. Int. Ed. 1998, 37,
1124 ± 1126; b) see also: P. A. van der Schaaf, R. Kolly, A. Hafner,
Chem. Commun. 2000, 1045 ± 1046.


[6] a) T. E. Wilhelm, T. R. Belderrain, S. N. Brown, R. H. Grubbs,
Organometallics 1997, 16, 3867 ± 3869; b) for a very recent develop-
ment see: M. Gandelman, B. Rybtchinski, N. Ashkenazi, R. M.
Gauvin, D. Milstein, J. Am. Chem. Soc. 2001, 123, 5372 ± 5373.


[7] K. J. Harlow, A. F. Hill, J. D. E. T. Wilton-Ely, J. Chem. Soc. Dalton
Trans. 1999, 285 ± 291.


[8] A. Fürstner, A. F. Hill, M. Liebl, J. D. E. T. Wilton-Ely, Chem.
Commun. 1999, 601 ± 602.


[9] A. Fürstner, J. Grabowski, C. W. Lehmann, J. Org. Chem. 1999, 64,
8275 ± 8280.


[10] For the preparation of true allenylidene species and applications
thereof in RCM see: a) A. Fürstner, M. Picquet, C. Bruneau, P. H.
Dixneuf, Chem. Commun. 1998, 1315 ± 1316; b) A. Fürstner, M. Liebl,
C. W. Lehmann, M. Picquet, R. Kunz, C. Bruneau, D. Touchard, P. H.
Dixneuf, Chem. Eur. J. 2000, 6, 1847 ± 1857; c) see also: H.-J. Schanz,
L. Jafarpour, E. D. Stevens, S. P. Nolan, Organometallics 1999, 18,
5187 ± 5190.


[11] The generation of indenylidenes from propargyl alcohol derivatives
and RuII species has precedence in the serendipitous formation of an
indenylallenylidene complex upon attempted synthesis of metallacu-
mulenes, cf. D. Touchard, N. Pirio, L. Toupet, M. Fettouhi, L. Ouahab,
P. H. Dixneuf, Organometallics 1995, 14, 5263 ± 5272.


[12] L. Jafarpour, H.-J. Schanz, E. D. Stevens, S. P. Nolan, Organometallics
1999, 18, 5416 ± 5419.


[13] A. Fürstner, O. R. Thiel, J. Org. Chem. 2000, 65, 1738 ± 1742.
[14] M. T. Reetz, M. H. Becker, M. Liebl, A. Fürstner, Angew. Chem. 2000,


112, 1294 ± 1298; Angew. Chem. Int. Ed. 2000, 39, 1236 ± 1239.
[15] A. Fürstner, J. Grabowski, C. W. Lehmann, T. Kataoka, K. Nagai,


ChemBioChem 2001, 2, 60 ± 68.
[16] A. Fürstner, K. Radkowski, Chem. Commun. 2001, 671 ± 672.
[17] B. Schmidt, H. Wildemann, Perkin 1 2000, 2916 ± 2925.
[18] E. L. Dias, R. H. Grubbs, Organometallics 1998, 17, 2758 ± 2767.
[19] a) A. Fürstner, K. Langemann, J. Org. Chem. 1996, 61, 3942 ± 3943;


b) A. Fürstner, K. Langemann, Synthesis 1997, 792 ± 803; c) A.
Fürstner, Top. Organomet. Chem. 1998, 1, 37 ± 72.


[20] Alternatively, the incipient 10-membered ring itself may enforce the
selective formation of the (E)-olefin. Assuming the s-trans ester
functionality in 45 mimics an (E)-configurated double bond, the
product resembles (E,E)-1,6-cyclodecadiene with its pronounced


conformational preference. This issue will be discussed in more detail
in a forthcoming full paper on the synthesis of herbarumin I.


[21] For the synthesis of 10-membered heterocycles in which RCM is
highly stereoselective for either the (E)- or the (Z)-alkene see:
a) B. E. Fink, P. R. Kym, J. A. Katzenellenbogen, J. Am. Chem. Soc.
1998, 120, 4334 ± 4344; b) M. Quitschalle, M. Kalesse, Tetrahedron
Lett. 1999, 40, 7765 ± 7768; c) for a review focussing on the synthesis of
medium sized rings by RCM see ref. [1j].


[22] J. Kobayashi, D. Watanabe, N. Kawasaki, M. Tsuda, J. Org. Chem.
1997, 62, 9236 ± 9239.


[23] For reviews on mazamine alkaloids see: a) M. Tsuda, J. Kobayashi,
Heterocycles 1997, 46, 765 ± 794; b) E. Magnier, Y. Langlois, Tetrahe-
dron 1998, 54, 6201 ± 6258; c) N. Matzanke, R. J. Gregg, S. M.
Weinreb, Org. Prep. Proced. Int. 1998, 30, 1 ± 51.


[24] S. F. Martin, J. M. Humphrey, A. Ali, M. C. Hillier, J. Am. Chem. Soc.
1999, 121, 866 ± 867.


[25] S. V. Ley, P. R. Woodward, Tetrahedron Lett. 1987, 28, 3019 ± 3020.
[26] K. M. J. Brands, L. M. DiMichele, Tetrahedron Lett. 1998, 39, 1677 ±


1680.
[27] Compound 70 is obtained with a drx20:1 as can be deduced from


HPLC runs of the crude product.
[28] This was the best way to selectively deprotect the N-Boc group


without affecting the tert-butyl ester in compound 70, cf. : J. A.
Stafford, M. F. Brackeen, D. S. Karanewsky, N. L. Valvano, Tetrahe-
dron Lett. 1993, 34, 7873 ± 7876.


[29] a) S. D. Meyer, S. L. Schreiber, J. Org. Chem. 1994, 59, 7549 ± 7552;
b) D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155 ± 4156.


[30] T. Okazoe, J. Hibino, K. Takai, H. Nozaki, Tetrahedron Lett. 1985, 26,
5581 ± 5584.


[31] T. L. Macdonald, D. E. O�Dell, J. Org. Chem. 1981, 46, 1501 ± 1503.
[32] A. Fürstner, L. Ackermann, Chem. Commun. 1999, 95 ± 96.
[33] E. E. Schweizer, G. J. O�Neill, J. Org. Chem. 1965, 30, 2082 ± 2083.
[34] W. A. Nugent, J. Feldman, J. C. Calabrese, J. Am. Chem. Soc. 1995,


117, 8992 ± 8998.
[35] M. W. Wright, T. L. Smalley, M. E. Welker, A. L. Rheingold, J. Am.


Chem. Soc. 1994, 116, 6777 ± 6791.
[36] A. Fürstner, D. Koch, K. Langemann, W. Leitner, C. Six, Angew.


Chem. 1997, 109, 2562 ± 2565; Angew. Chem. Int. Ed. Engl. 1997, 36,
2466 ± 2469.


[37] T. A. Kirkland, R. H. Grubbs, J. Org. Chem. 1997, 62, 7310 ± 7318.
[38] S. B. Chang, R. H. Grubbs, J. Org. Chem. 1998, 63, 864 ± 866.
[39] S.-H. Kim, W. J. Zuercher, N. B. Bowden, R. H. Grubbs, J. Org. Chem.


1996, 61, 1073 ± 1081.
[40] J. H. Cassidy, S. P. Marsden, G. Stemp, Synlett 1997, 1411 ± 1413.
[41] A. Fürstner, O. Guth, A. Rumbo, G. Seidel, J. Am. Chem. Soc. 1999,


121, 11108 ± 11 113.
[42] M. S. Visser, N. M. Heron, M. T. Didiuk, J. F. Sagal, A. H. Hoveyda, J.


Am. Chem. Soc. 1996, 118, 4291 ± 4298.
[43] A. Fürstner, T. Müller, Synlett 1997, 1010 ± 1012.


Received: May 15, 2001 [F3266]








Synthesis of Conformationally Locked l-Iduronic Acid Derivatives:
Direct Evidence for a Critical Role of the Skew-Boat 2S0 Conformer in the
Activation of Antithrombin by Heparin
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Abstract: We have used organic syn-
thesis to understand the role of l-
iduronic acid conformational flexibility
in the activation of antithrombin by
heparin. Among known synthetic ana-
logues of the genuine pentasaccharidic
sequence representing the antithrombin
binding site of heparin, we have selected
as a reference compound the methylated
anti-factor Xa pentasaccharide 1. As in
the genuine original fragment, the single
l-iduronic acid moiety of this molecule
exists in water solution as an equilibrium
between three conformers 1C4 , 4C1 and
2S0. We have thus synthesized three
analogues of 1, in which the l-iduronic
acid unit is locked in one of these three
fixed conformations. A covalent two
atom bridge between carbon atoms two


and five of l-iduronic acid was first
introduced to lock the pseudorotational
itinerary of the pyranoid ring around the
2S0 form. A key compound to achieve
this connection was the d-glucose deriv-
ative 5 in which the H-5 hydrogen atom
has been replaced by a vinyl group,
which is a progenitor of the carboxylic
acid. Selective manipulations of this
molecule resulted in the 2S0-type penta-
saccharide 23. Starting from the d-glu-
cose derivative 28, a covalent two atom
bridge was now built up between carbon
atoms three and five to lock the l-


iduronic acid moiety around the 1C4


chair form conformation, and the 1C4-
type pentasaccharide 43 was synthe-
sized. Finally the l-iduronic acid con-
taining disaccharide 58 which, due to the
presence of the methoxymethyl substitu-
ent at position five adopts a 4C1 con-
formation, was directly used to synthe-
size the 4C1-type pentasaccharide 61.
The locked pentasaccharide 23 showed
about the same activity as the reference
compound 1 in an antithrombin-medi-
ated anti-Xa assay, whereas the two
pentasaccharides 43 and 61 displayed
very low activity. These results clearly
establish the critical importance of the
2S0 conformation of l-iduronic acid in
the activation of antithrombin by hep-
arin.


Keywords: antithrombin ´ carbohy-
drates ´ glycosylation ´ heparin ´
iduronic acid


Introduction


Conformational flexibility is a distinct feature of l-iduronic
acid,[1] a characteristic monosaccharide component of three


complex glycosaminoglycans (GAGs): heparin, heparan sul-
fate, and dermatan sulfate. These remarkable polymers are
endowed with a fascinating array of biological functions[2]


which are still largely unexplained at the molecular level. It is
thus tempting to speculate that the presence of flexible l-
iduronic acid in GAGs boosts their biological responses.


The conformational behavior of the iduronate ring, obvi-
ously of intrinsic importance, has been the matter of a long
controversy[3] that has stimulated numerous conflicting stud-
ies. On the one hand, from the first NMR investigations, it has
been concluded that l-iduronic residues, whether sulfated, as
in heparin,[4] or unsulfated, as in dermatan sulfate,[5] adopt the
1C4 conformation. On the other hand, diffraction analysis of
crystalline fibers,[6] and periodate oxidation studies[7] of
dermatan sulfate, suggested the presence of the 4C1 confor-
mation. It has been finally suggested that several conformers,
coexisting in solution, could account for these opposing
experimental observations.[8] A further critical step was
accomplished after the chemical synthesis of the pentasac-
charide representing the antithrombin binding site of hep-
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arin,[9] which contains a single (but critical[10]) l-iduronic acid
residue. Indeed 1H NMR data on this synthetic compound was
best explained by taking into account the participation of the
very unusual 2S0 skew-boat conformer in addition to the above
reported 4C1 and 1C4 to the conformational equilibrium of l-
iduronic acid.[11] Force-field studies and energy computation
further showed that the three conformers are almost equi-
energetic.[12] As a matter of fact, the 2S0 conformer is the
major contributor to the conformational equilibrium of l-
iduronic in the above pentasaccharide,[13] and numerous
studies have since considered the presence of the three above
conformers to describe this monosaccharide in glycosamino-
glycans and related compounds.[14]


The fact that the above synthetic pentasaccharide displays
high affinity for antithrombin and activates its inhibitory
action against blood coagulation factor Xa, was for us an
incentive to investigate to what extent the unique conforma-
tional properties of l-iduronic acid translate in terms of
biological properties. Indeed, concerning the present penta-
saccharide and antithrombin, one could imagine that a precise
conformation was required, either in the early recognition
step, or to lock the protein in the active conformation reached
after induced-fit.[15] Alternatively, a conformational switch
from one conformer to another one might be necessary to
accomplish the transconformation known to occur during the
activation of the protein.


To address these issues, we previously synthesized a
pentasaccharide containing a 3-deoxy-l-iduronic acid unit.[16]


As expected, the conformational equilibrium was shifted
towards 1C4 . This compound displayed reduced affinity for
antithrombin, thus disqualifying this 1C4 conformer. In con-
trast, based on 1H NMR studies at various ionic strengths,
others proposed that the 1C4 conformation was adopted by the
pentasaccharide sequence when bound to antithrombin.[17]


To provide more direct evidence, we embarked on the
synthesis of pentasaccharides containing l-iduronic acid units


locked in 1C4 , 4C1, or 2S0 conformations.[18] The results,
presented here, about the ability of these compounds to
activate antithrombin with respect to blood coagulation
factor Xa inhibition, allow us to conclude that antithrombin-
bound l-iduronic acid adopts the 2S0 conformation and that a
conformational change from 1C4 to 2S0 is not required during
the activation process. Such an approach should be useful to
explore the role of l-iduronic acid conformation in other
biological systems where this monosaccharide is involved.


Results and Discussion


The known[19] synthetic anti-factor Xa pentasaccharide 1
(Figure 1) was chosen as the reference compound. It strongly
binds to antithrombin, and the presence in the final structure
of methyl groups in place of hydroxyl groups, and of O-
sulfonates in place of N-sulfonates, simplifies the synthetic
route compared with that of the genuine heparin pentasac-
charidic sequence.


Synthesis of pentasaccharide 23 (2S0 conformer, Figure 1): A
literature search taught us that methyl 2,6-anhydro-3,4-di-O-
methyl-a-d-mannopyranoside prefers to exist as its 2S0 con-


Abstract in French: Nous avons employØ les mØthodes de la
synth�se organique afin de comprendre le roÃle de la flexibilitØ
conformationnelle de l�acide l-iduronique dans l�activation de
l�antithrombine par l�hØparine. Parmi les analogues synthØti-
ques connus de la sØquence pentasaccharidique d�origine
reprØsentant le site de liaison de l�hØparine à l�antithrombine,
nous avons choisi le pentasaccharide mØthylØ anti-Xa 1 comme
composØ de rØfØrence. Tout comme dans le cas du site actif de
l�hØparine, la seule unitØ acide l-iduronique de cette molØcule
existe en solution aqueuse sous la forme d�un Øquilibre
conformationnel 1C4 >


4C1 >
2S0. Nous avons donc synthØtisØ


trois analogues de cette molØcule de rØfØrence, dans lesquels
l�unitØ acide l-iduronique est verrouillØe sous une de ces trois
conformations. L�introduction d�un pont covalent à deux
atomes reliant les atomes de carbone deux et cinq de l�acide
l-iduronique fige l�itinØraire pseudorotationnel du cycle py-
rannique autour de la forme 2S0. Un tel pont a ØtØ rØalisØ à
partir de 5, un dØrivØ clØ du d-glucose, dans lequel l�atome
d�hydrog�ne H-5 a ØtØ remplacØ par un groupe vinyle,
prØcurseur de l�acide carboxylique. Des manipulations sØlecti-
ves de cette molØcule nous ont conduit au pentasaccharide 23
du type 2S0. En partant du dØrivØ 28 du d-glucose, un pont
covalent à deux atomes a maintenant ØtØ construit afin de figer
l�unitØ acide l-iduronique sous la conformation chaise 1C4, et
le pentasaccharide 43 du type 1C4 a ØtØ synthØtisØ. Finalement,
le disaccharide 58, dans lequel l�unitØ acide l-iduronique
adopte une conformation 4C1, a ØtØ directement utilisØ pour la
synth�se du pentasacccharide 61 du type 4C1. Le pentasac-
charide 23 prØsente une activitØ anti-Xa voisine de celle du
composØ de rØfØrence 1, alors que les deux pentasaccharides 43
et 61 sont pratiquement inactifs. Ces rØsultats montrent
clairement que la conformation 2S0 de l�acide l-iduronique
est critique pour l�activation de l�antithrombine par l�hØparine.[�] Members of the Editorial Board will be introduced to readers with their


first manuscript.
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former,[20, 21] and it is on these grounds that we decided to
introduce a two-atom bridge between C-2 and C-5 of the l-
iduronic acid residue in 1 to freeze the l-iduronate ring in the
2S0 conformation.


To this end, we first had to replace the hydrogen atom at
C-5 of a gluco derivative by a substituent that should then be
converted into a carboxylate group. It was expected that the
reaction of vinyl magnesium bromide with the known[22]


5-keto-glucofuranose 2, controlled by chelation of the mag-
nesium by the ring oxygen atom, would lead to such a
derivative with high stereoselectivity.[23]


Thus a solution in tetrahydrofuran of the crude ketone 2,
resulting from Swern oxidation of 6-O-tert-butyldimethylsilyl-
1,2-O-isopropylidene-3-O-methyl-a-d-glucofuranose[22] was
treated with vinyl magnesium bromide to give alcohol 3 (see
Scheme 1), isolated in 70 % yield after column chromatog-


raphy. Acid hydrolysis using
IR-120 H� resin at 80 8C, fol-
lowed by acetylation with acetic
anhydride in pyridine, gave the
tetracetate 5. The exclusive for-
mation of the b-anomer is as-
signed to the destabilizing 1,3-
diaxial interaction between O-1
and the C-5 vinyl group in the
a-anomer. The absolute config-
uration at C-5 in 5 was estab-
lished at this stage through
ROESY NMR experiments.
Thus, the observed NOE effects
between H-3 and the isolated
vinylic proton on the one hand,
and between H-4 and H-6a/H-
6b on the other hand confirmed
the assigned stereochemistry
(see Scheme 1). The large cou-
pling constants observed for the
ring protons (J1,2� 8.4, J2,3� 9.6,
J3,4� 10.1 Hz) clearly show that
this pyranosidic compound
adopts the 4C1 conformation,
and that only the 1,2-trans iso-
mer was formed.


The b-acetate 5 was ideally
suited for selective 1,2-trans
glycosylation of the known[24]


alcohol 6. Indeed they reacted
together to yield the disacchar-
ide 7 in 85 % yield. As antici-
pated from the presence of a
participating group at position
2 of the glycosyl donor, only the
b-d-anomer 7 was obtained
(J1',2'� 8.2 Hz). The disacchar-
ide 7 was finally deacetylated to
yield the triol 8.


The second part of the syn-
thesis consisted in the forma-
tion of the O-2/C-5 bridge. The


most obvious option was to temporary protect the 4',6'-diol
system in 8, introduce a leaving group at position 2' (mesylate
10), and finally displace this group by attack by the O-6'
alcoholate. This approach has already met with success,[25] but
in our case led to frustation. The only isolated product was the
triol 8 resulting from the cleavage of the mesylate, a side
product already observed by others.[25] The monosaccharide
derivative 12 (Scheme 2), characterized by its NMR[26, 27] and
mass spectra, was also isolated in very small amounts. It
probably results from a Grob fragmentation of the diol 11.
Others[28] have also experienced difficulties in a similar
situation (displacement of a mesylate at position 2 of a
monosaccharide by a thiolate at position 6).


The second option (Scheme 3), starting from 9, was to first
invert the configuration at C-2', then to introduce a leaving
group at C-5' that can be next displaced by nucleophilic attack


Figure 1. The known[19] biologically active pentasaccharide 1 was selected as the reference compound. In the
synthetic mimetic 23, the l-iduronate ring has been locked in the 2S0 conformation by connecting O-2 and C-5
through a methylene bridge. A similar connection between O-3 and C-5 leads to an iduronate ring locked in the
1C4 conformation (pentasaccharide 43). Compound 56 was synthesized to demonstrate that introducing an ethyl
at C-5 of d-glucuronic acid does not affect the biological activity. The two disaccharide building blocks required
for the synthesis of the pentasaccharide 61 derive from the same intermediate. In 61, the iduronate ring adopts the
4C1 conformation. The letter code DEFGH is routinely used to designate the five monosaccharide units of the
antithrombin binding sequence in heparin.
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Scheme 2. Basic treatment of the mesylate 11 gave the triol 8 and a small
amount of 12.


by O-2'. In this strategy it must be noted that the configuration
inverting step could have been omitted starting from a
compound having the d-manno instead of the d-gluco
configuration. However, in this case the synthesis of the b-
d-mannoside, a classical challenge in carbohydrate chemis-
try,[29] might have been problematic or at least less straightfor-
ward. Swern oxidation of 9 followed by reduction of the crude
ketone 13 by lithium triethylborohydride uneventfully gave
the expected manno disaccharide 14 (70 %). The latter was
temporarily acetylated at position 2', then the isopropylidene
group was hydrolysed to give compound 16 and a tosyl group


was selectively introduced at
C-6' to give the tosylate 17.
The shorter route, that is direct
selective tosylation of the man-
no-triol (i.e., 16 where R�H)
was impracticable due to the
formation of a significant
amount of the 2',6'-di-O-tosy-
lated compound. Various clas-
sical conditions were first inves-
tigated (sodium hydride, potas-
sium tert-butoxide either in
dimethylformamide or dime-
thylsulfoxide) to achieve the
intramolecular displacement of
the 6'-tosylate. The best result
was, however, obtained using
sodium hydroxide in ethanol.[30]


After heating at 70 8C for 3 h,
compound 18 could be isolated


in 70 % yield after column chromatography. Ozonolysis,
followed by oxidation by sodium chlorite, and finally benzy-
lation by benzyl bromide in the presence of potassium
hydrogen carbonate, gave the disaccharide 19, ready for
addition of the remaining part of the pentasaccharide
molecule.


The trisaccharide imidate 20[31] reacted with the alcohol 19
to give the pentasaccharide 21 (67 %, Scheme 4). The
observed coupling constant for H-1'' (J1'',2''� 3.6 Hz) clearly
proved the a-anomeric configuration of the newly established
interglycosidic bond. Pentasaccharide 21 was then submitted
to catalytic hydrogenation followed by saponification, and
1H NMR analysis was used at this stage to check the complete
removal of all protective groups in alcohol 22. The hydroxyl
groups thus liberated were sulfated in dimethylformamide at
55 8C using triethylamine/sulfur trioxide complex. The struc-
ture and purity of the final pentasaccharide 23, isolated by gel
permeation chromatography, were ascertained by 1H NMR
analysis and mass spectrometry.


1H NMR spectroscopy was also used to investigate the
conformation of the l-iduronate ring in pentasaccharide 23.


Comparison of the coupling
constants (J1,2� 1.3, J2,3� 1.4,
J3,4� 2.7, 4J2,4� 0.5 Hz) with
those reported by Köll et al.
for methyl 2,6-anhydro-d-
mannopyranoside derivatives,
which give a 2S0 conforma-
tion[32] (J1,2� 1.2 ± 1.4, J2,3�
1.2 ± 2.4, J3,4� 3.0 ± 3.4, 4J2,4�
0.7 Hz), confirm that our deriv-
ative adopts the same confor-
mation. In another approach,
using the methodology report-
ed by PeÂrez et al.,[33] from the
same observed coupling con-
stants we could compute dihe-
dral angles (O5-C1-C2-C3
55.68, C1-C2-C3-C4 ÿ62.28,


Scheme 1. a) CH2CHMgBr, THF, 0 8C, 1 h, 70 %; b) IR-120 H� resin, H2O, 80 8C, 6 h; c) Ac2O, pyridine, RT, 16 h,
75% (two steps); d) 6, TMSOTf, CH2Cl2, ÿ78 8C, 2 h, 85 %; e) MeONa, MeOH, 0 8C then RT, 3 h;
f) (CH3O)2C(CH3)2, p-TsOH, acetone, RT, 16 h, 70% (two steps).


Scheme 3. a) (COCl)2, DMSO, CH2Cl2,ÿ78 8C, 45 min; b) LiEt3BH, THF,ÿ78 8C then RT, 1 h, 70%, two steps;
c) Ac2O, pyridine, RT, 3 h; d) AcOH, 60 8C, 2 h, 70%, two steps; e) TsCl, pyridine, RT, 3 h, 80%; f) NaOH,
EtOH, 70 8C, 3 h, 70 %; g) O3, CH2Cl2, ÿ78 8C, Me2S; then 2-methyl-2-butene, tBuOH, H2O, NaH2PO4, NaClO2,
RT, 16 h; then BnBr, Bu4NI, KHCO3, DMF, RT, 5 h, 80% three steps.
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C2-C3-C4-C5 7.38) and compare them with angles computed
for a true 2S0 conformer (O5-C1-C2-C3 37.98, C1-C2-C3-C4
ÿ638, C2-C3-C4-C5 21.78). The good agreement also proves
that in the pentasaccharide 23
the locked l-iduronate ring
adopts a conformation close to
2S0.


Synthesis of pentasaccharide 43
(1C4 conformer, Figure 1): We
also wished to obtain a true
analogue of pentasaccharide 1
where the l-iduronic acid unit
would give the 1C4 conforma-
tion.[34] The sequence of reac-
tions that led to disaccharide 9
was repeated (Scheme 5) from
compound 25, obtained by sily-
lation of the known 3-O-allyl-
1,2-O-isopropylidene-a-d-glu-
cofuranose (24),[35] to give di-
saccharide 31. The alcohol 31
was methylated to give the di-
saccharide 32 and the allyl pro-
tecting group was selectively
removed following the classical
isomerisation ± hydrolysis path-
way. The resulting disaccharide
33 was acetylated; acid hydrol-
ysis of the isopropylidene group
gave the 4,6-diol 35, which was
selectively tosylated at position
6' to furnish the intermediate
36, ready for ring closure. The
latter was achieved using the
conditions previously described
for the transformation 17! 18
to give the locked 37 in excel-
lent yield (85%). It was then
converted into the desired l-
iduronic acid derivative 40 us-
ing similar conditions as those


that led from 18 to 19. Finally,
coupling of the trisaccharide
imidate 20 onto the alcohol 40
proceeded in 83 % yield to give
the pentasaccharide 41. The a


anomeric configuration of the
new interglycosidic bond was
proven by 1H NMR spectrosco-
py (J1'',2''� 3.0 Hz). Finally de-
protection and sulfation as pre-
viously described gave the de-
sired pentasaccharide 43.


1H NMR study demonstrates
that the locked iduronic acid
ring stands in the 1C4 conforma-
tion. The coupling constants
observed (J1,2� 0, J2,3� 3.7,


J3,4� 5.5 Hz) are very close to the expected ones (J1,2 �1.8 ±
2.0, J2,3 �2.6, J3,4 �2.6 ± 3.0 Hz), and they are in excellent
agreement with those already reported[18] for another deriv-


Scheme 4. a) 19, TBDMS-OTf, CH2Cl2, Et2O, ÿ20 8C, 30 min, 67%; b) H2, Pd/C, AcOH, 40 8C, 12 h; then
NaOH, H2O, 55 8C, 3 h, 86% (two steps); c) Et3N ´ SO3, DMF, 55 8C, 18.5 h, 85%.


Scheme 5. a) TBDMSCl, imidazole, CH2Cl2, RT, 4 h, 95%; b) (COCl)2, DMSO, CH2Cl2, ÿ78 8C, 1 h; then
CH2CHMgBr, THF, 0 8C, 1 h, 89% two steps; c) IR-120 H� resin, H2O, 80 8C, 8 h; d) Ac2O, pyridine, RT, 16 h,
52%, two steps; e) 6, TMSOTf, CH2Cl2, ÿ78 8C to RT, 3 h, 78 %; f) MeONa, MeOH, 0 8C then RT, 6 h;
g) (CH3O)2C(CH3)2, p-TsOH, acetone, RT, 16 h, 74% (two steps); h) MeI, NaH, DMF, 0 8C then RT, 4 h, 92%;
i) tBuOK, DMSO, 80 8C, 1 h; then HgO, HgCl2, acetone, H2O, RT, 1 h, 65 %; j) Ac2O, pyridine, CH2Cl2, RT, 3 h;
k) AcOH, H2O, 70 8C, 1 h, 71 % two steps; l) TsCl, CH2Cl2, RT, 6 h, 75%; m) NaOH, EtOH, 70 8C, 2 h, 85%;
n) O3, CH2Cl2, ÿ78 8C, Me2S; o) 2-methyl-2-butene, tBuOH, H2O, NaH2PO4, NaClO2, RT, 5 h; p) BnBr, Bu4NI,
KHCO3, DMF, RT, 5 h, 73% three steps; q) 20, TMSOTf, CH2Cl2, ÿ20 8C, 1 h, 83%; r) H2, Pd/C, AcOH, 50 8C,
12 h; then NaOH, H2O, MeOH, RT, 12 h, 88 % (two steps); s) Et3N:SO3, DMF, 55 8C, 20 h, 94 %.
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ative of l-iduronic acid similarly locked in the 1C4 conforma-
tion (J1,2� 0, J3,4� 4.0 Hz). The long range couplings (4J1,3�
0.5; 4J2,4� 0.5 Hz) confirm the chair conformation.


Converging synthesis of biologically active pentasaccharides :
It is worth noting that the synthetic monosaccharide units that
contain a tertiary carbon at position 5 are remarkably
versatile intermediates that can be oxidized into uronic acid
derivatives having either the d-gluco or the l-ido configu-
rations. The former are obtained after oxidation of the
primary alcohol function, while the second derive from
ozonolysis of the double bond followed by oxidation of the
resulting aldehyde (see previously described preparations of
compounds 19 and 40). Since the biologically active penta-
saccharides we are dealing with in this work contain both
types of uronic acids, it was interesting to design a converging
synthesis of these compounds where the versatility mentioned
above is exploited. There is, however, a prerequisite: that the
ethyl group present at C-5 of glucuronic acid does not impair
the interaction between the pentasaccharide and antithrom-
bin. To test this we decided to synthesize (Scheme 6) the
pentasaccharide 56, prepared from the fully protected inter-
mediate 54. The EF part of 54 (see Figure 1 for the code
DEFGH) can be obtained from the disaccharide 9 which was
methylated at 2' to give compound 44. Acid hydrolysis
followed by selective hydrogenation of the double bond in
the presence of PtO2 in ethyl acetate yielded the diol 46 which


was selectively oxidized at C-6 using TEMPO/hypochlorite[36]


to give the corresponding glucuronic acid, isolated as its
benzyl ester 47. Glycosylation of the alcohol 47 with the
thioethyl glycoside 48,[37] in the presence of N-iodosuccini-
mide and triflic acid,[38] delivered a 5:1 mixture of the a- and b-
linked trisaccharides in 87 % yield, easily separated by column
chromatography. The trisaccharide 49 was then submitted to a
series of classical transformations.[39]Acetolysis by a mixture
acetic anhydride/acetic acid/sulfuric acid led to replacement
of the anomeric methoxy group as well as the benzyl ethers at
positions 3, 6, and 6'' by acetyl groups. Trisaccharide 51 was
then obtained after selective removal of the anomeric acetate
using hydrazine acetate in N,N-dimethylformamide. Reaction
of 51 with trichloroacetonitrile in the presence of DBU[40]


gave the imidate 52 which was immediately engaged in the
glycosylation of the alcohol 53 to selectively provide the
pentasaccharide 54. The a anomeric configuration of the new
glycosidic bond was confirmed by 1H NMR spectroscopy
(J1'',2''� 3.6 Hz). Hydrogenation of the benzyl groups was
followed by saponification of the esters to give the inter-
mediate polyol 55, and finally sulfation gave the desired
pentasaccharide 56.


Synthesis of pentasaccharide 61 (4C1 conformer, Figure 1):
Finally, considering that the non-constrained monosacchar-
ides units bearing a hydrocarbon chain instead of a hydrogen
atom at C-5 adopted the 4C1 conformation, we decided, on


these premises, to explore the
conformation of an iduronic
acid moiety bearing a methox-
ymethyl substituent at C-5, with
a view to synthesize a pentasac-
charide in which the iduronate
ring would adopt the 4C1 con-
formation. The synthesis of
such a derivative from 45 was
straightforward (Scheme 7).
Thus, selective methylation at
position 6' of the disaccharide
was first carried out with meth-
yl iodide, using the stannyli-
dene procedure[41] (65 %).
Then, ozonolysis of the double
bond, followed by oxidation of
the aldehyde and finally ester-
ification, gave disaccharide 58
(77 % from 57). The pentasac-
charide 59 was prepared by
condensation of 58 with the
imidate 52. 1H NMR analysis
proved the a anomeric config-
uration of the new glycosidic
bond (J1'',2''� 3.8 Hz). Hydroge-
nation followed by saponifica-
tion gave in 87 % yield the
polyol 60, which was finally
sulfated to provide 61 in 90 %
yield. 1H NMR investigation of
the uronic acid unit G in 61


Scheme 6. a) MeI, NaH, THF, 0 8C then RT, 1 h, 92 %; b) AcOH, H2O, 70 8C, 3 h, 75% (two steps); c) H2, PtO2,
AcOEt, RT, 10 min, 100 %; d) NaCl, NaHCO3, NaOCl, H2O, TEMPO, CH2Cl2, KBr, Bu4NCl, NaHCO3, 0 8C,
30 min; then BnBr, Bu4NCl, NaHCO3, RT, 45 min, 75% (two steps); e) 48, NIS, TfOH, CH2Cl2, Et2O, ÿ40 8C,
30 min, 72%; f) H2SO4, AcOH, Ac2O, 0 8C, 2 h, 73%; g) NH2NH2 ´ HOAc, DMF, RT, 1 h, 90%; h) DBU, CCl3CN,
CH2Cl2, RT, 30 min, 87%; i) 53, TMSOTf, CH2Cl2, ÿ20 8C, 30 min, 76 %; j) H2, Pd/C, AcOH, 50 8C, 12 h; then
NaOH, H2O, MeOH, RT, 12 h, 87 % (two steps); k) Et3N ´ SO3, DMF, 55 8C, 20.5 h, 90%.
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clearly demonstrated that it adopts a conformation very close
to 4C1 (J1,2� 7.6, J2,3� 8.5, J3,4� 9.5 Hz).


l-Iduronic acid conformation and interaction with antithrom-
bin : The ultimate goal of the present synthetic work was to
investigate the role of l-iduronic acid conformation in the
interaction of these heparin mimetics with antithrombin. The
biological activities of the four pentasaccharides described
here (23, 43, 56, and 61) were determined and compared to the
activity of the reference compound 1. The results (Table 1)


indicate that the the pentasaccharide 23 containing an
iduronic acid moiety in the 2S0 conformation is able to bind
to antithrombin, and thereby to strongly reinforce its ability to
inhibit the blood coagulation proteinase factor Xa. In con-
trast, pentasaccharides 43 and 61 which contain the unit G
locked in the 1C4 and 4C1 conformation, respectively, only very
slightly potentiate this inhibition. The high activity found for
pentasaccharide 56 shows that the dramatically decreased
activity of pentasaccharide 61 only results from a conforma-
tional feature of unit G, and not from converging introduction
of an ethyl group on residue E. These results are in agreement
with previous work showing that, in antithrombin binding
pentasaccharides, a shift in the conformational equilibrium
toward the 1C4 conformation resulted in a reduced biological
activity.[16] They are also in agreement with those reported by
Sakairi et al.[18] using a pentasaccharide where the l-iduronic
acid moiety had been similarly locked in the 1C4 conforma-
tion. These authors were able to conclude that the 1C4


conformation is not the active
one, and that either the 2S0 is
essential or that the conforma-
tional flexibility of l-iduronic
acid (switch from 1C4 to 2S0) is
required during antithrombin
activation. The present data
rule out the second hypothesis,
and unambiguously establish
that l-iduronic acid adopts the
2S0 conformation in antithrom-
bin bound synthetic pentasac-
charides. It is also highly prob-
able that the single l-iduronic
acid unit contained in the an-
tithrombin binding site of hep-
arin itself also adopts this con-
formation when heparin binds
to the protein.


The synthesis of such conformationally locked monosac-
charide units should prove to be very useful in the study of
other biological effects where carbohydrate conformation
might play a predominant role.


Experimental Section


General procedures : All compounds were homogeneous by TLC analysis
and had spectral properties consistent with their assigned structures.
Melting points were determined in capillary tubes in a Mettler or a Büchi
510 apparatus, and are uncorrected. Optical rotations were measured with a
Perkin ± Elmer Model 241 digital polarimeter at 22� 3 8C. Compound
purity was checked by TLC on aluminum supported silica gel 60 F254 (E.
Merck) with detection by charring with a 5% ethanolic sulfuric acid
solution. Unless otherwise stated, column chromatography were performed
on silica gel 60, 40 ± 63 (flash) or 63 ± 200 mm (E. Merck). 1H NMR spectra
were recorded with Bruker AC200, AM 250, AC300, AM 400 or AM 500
instruments. Before analysis in D2O, samples were passed through a Chelex
(Bio-Rad) ion exchange column. Chemical shifts are relative to external
TMS (CDCl3) or to external TSP (D2O). MS analyses were performed on a
Nermag R 10-10 or a ZAB-2E instrument (Fisons). Elemental analyses
were performed by Service d�Analyse de UniversiteÂ Pierre et Marie Curie
or using a Fisons elemental analyzer.


Human factor Xa (71 nkat per vial), antithrombin, and S-2222 substrate
(Bz-Ile-Glu-Gly-Arg-pNA) were from Chromogenix (Mölndal, Sweden).
The anti-factor Xa activity was determined, in buffer, by an amidolytic
method adapted from Teien and Lie.[42] For an accurate comparison,
compound concentrations were determined by 1H NMR with reference to
an internal standard.


6-O-tert-Butyldimethylsilyl-1,2-O-isopropylidene-3-O-methyl-5-C-vinyl-
a-d-glucofuranose (3): A solution of oxalyl chloride (3.2 mL, 36.8 mmol)
and DMSO (5.2 mL, 73.4 mmol) in dry dichloromethane (40 mL) was
stirred at ÿ78 8C for 30 min. 6-O-tert-Butyldimethylsilyl-1,2-O-isopropyli-
dene-3-O-methyl-a-d-glucofuranose (6.4 g, 18.4 mmol) was then added
and stirring was prolonged for 1 h. Triethylamine (15.3 mL, 110 mmol) was
then added, and after 30 min the reaction mixture was diluted with
dichloromethane, washed with water, dried (MgSO4), and concentrated to
give compound 2 which was used directly for the next reaction. A 1m
solution of vinyl magnesium bromide in THF (28 mL, 28 mmol) was added
to a cooled (0 8C) solution of the crude ketone 2 in dry THF (100 mL).
After 1 h the reaction mixture was quenched with aq. NH4Cl, the organic
layer was dried (MgSO4), concentrated, and the residue was purified by
column chromatography (ethyl acetate/cyclohexane 1:9) to give compound
3 (4.8 g, 70 %) as a syrup. [a]D�ÿ40 (c� 1.3 in chloroform); 1H NMR
(250 MHz, CDCl3): d� 5.95 (m, 1 H, H-7), 5.89 (d, J1,2� 3.8 Hz, 1 H, H-1),


Scheme 7. a) Bu2SnO, toluene, reflux; then MeI, DMF, 50 8C, 6 h, 65%; b) O3, CH2Cl2, ÿ78 8C, Me2S; then
2-methyl-2-butene, tBuOH, H2O, NaH2PO4, NaClO2, RT, 16 h; then BnBr, Bu4NI, KHCO3, DMF, RT, 6 h, 77%
(three steps); c) 52, TMSOTf, CH2Cl2, ÿ20 8C, 0.5 h, 71%; d) H2, Pd/C, AcOH, 50 8C, 12 h; then NaOH, H2O,
MeOH, RT, 12 h, 87 % (two steps); e) Et3N ´ SO3, DMF, 55 8C, 20.5 h, 90%.


Table 1. Biological activity of the pentasaccharides discussed in the
present study. Values are mean anti-factor Xa (n� 3).


Compound anti Xa [U mgÿ1]


1 1208� 63
23 1073� 61
43 43� 3
56 1345� 65
61 115� 3
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5.40 (dd, J8a,8b� 1.8, J7,8a� 17.3 Hz, 1 H, H-8a), 5.14 (dd, J7,8b� 10.8 Hz, 1H,
H-8b), 4.50 (d, 1 H, H-2), 4.20 (d, J3,4� 3.1 Hz, 1H, H-4), 3.85 (d, 1H, H-3),
3.81 (br s, 1 H, OH), 3.60, 3.50 (2d, J6a,6b� 9.6 Hz, 2H, H-6a, H-6b), 3.38 (s,
3H, OMe), 1.42, 1.22 (2s, 6 H, 2 Me), 0.85 (s, 9H, tBu), 0.00 (s, 6H, 2Me);
elemental analysis calcd (%) for C18H34O6Si: C 57.72, H 9.15; found: C
57.77, H 9.23.


1,2,4,6-Tetra-O-acetyl-3-O-methyl-5-C-vinyl-b-d-glucopyranose (5): IR-
120 H� resin (1 g) was added to a solution of ketone 3 (3.5 g, 9.4 mmol)
in water (50 mL). After 6 h of heating at 80 8C, the resin was filtered off
and, after concentration, acetic anhydride (12 mL) and pyridine (13 mL)
were added. After 16 h of stirring, methanol was added and, after
concentration, the residue was dissolved in dichloromethane, washed with
water, dried (MgSO4), and concentrated. Column chromatography (ethyl
acetate/cyclohexane 3:2) gave compound 5 (2.7 g, 75 %) as a solid. M.p.
50 8C; [a]D�ÿ84 (c� 1.6 in chloroform); 1H NMR (250 MHz, CDCl3): d�
5.70 (m, 3H, olefinic, H-1), 5.45 (dd, J� 3.1 Hz, 8.9 Hz, 1H, olefinic), 5.15
(d, J3,4� 10.1 Hz, 1 H, H-4), 4.95 (dd, J1,2� 8.4, J2,3� 9.6 Hz, 1H, H-2), 3.95,
3.52 (2d, J6a,6b� 12.5 Hz, 2H, H-6a, H-6b), 3.30 (t, 1 H, H-3), 3.24 (s, 3H,
OMe), 1.90 (4s, 12H, 4OAc); CI-MS: 389 [M�H]� , 406 [M�NH4]� ;
elemental analysis calcd (%) for C17H24O10: C 52.47, H 6.19; found: C 52.51,
H 6.19.


Methyl 2,3,6-tri-O-benzyl-4-O-(2,4,6-tri-O-acetyl-3-O-methyl-5-C-vinyl-b-
d-glucopyranosyl)-a-d-glucopyranoside (7): A mixture of 5 (1.6 g,
4.1 mmol) and methyl 2,3,6-tri-O-benzyl-a-d-glucopyranoside (6 ; 2.1 g,
4.5 mmol) in dry dichloromethane (50 mL) containing molecular sieves
(4.0 g) was stirred at room temperature for 1 h. After cooling to ÿ78 8C,
TMSOTf (0.95 mL, 5.2 mmol) was added and the temperature was allowed
to slowly raise to room temperature. After 2 h, the reaction was quenched
with triethylamine. After filtration (Celite), the solution was washed with
water, dried (MgSO4), concentrated, and the residue was purified by
column chromatography (ethyl acetate/cyclohexane 4:1) to give disacchar-
ide 7 (2.77 g, 85%) as a solid. M.p. 47 8C; [a]D�ÿ36 (c� 0.5 in chloro-
form); 1H NMR (200 MHz, CDCl3): d� 7.40 (m, 15 H, aromatic), 6.00 (dd,
J7',8'a� 10.7, J7',8'b� 17.8 Hz, 1H, H-7'), 5.75 (dd, J8'a,8'b <1 Hz, 1H, H-8'a),
5.45 (dd, 1H, H-8'b), 5.40 (d, J3',4'� 10.5 Hz, 1H, H-4'), 5.30, 4.90 (2 d, 2H,
CH2Ph), 5.09 (dd, J1',2'� 8.2, J2',3'� 9.4 Hz, 1 H, H-2'), 4.85, 4.70 (2d, 2H,
CH2Ph), 4.80 (d, 1 H, H-1'), 4.80, 4.58 (2d, 2H, CH2Ph), 4.70 (d, J1,2�
3.7 Hz, 1 H, H-1), 4.20 (d, J6'a,6'b� 12.3 Hz, 1 H, H-6'a), 3.90 ± 3.40 (m, 8H,
H-2, 3, 4, 5, 6a, 6b, 3', 6'b), 3.50 (s, 6H, 2 OMe), 2.20, 2.10, 2.00 (3s, 9H,
3OAc); elemental analysis calcd (%) for C43H52O14: C 65.14, H 6.61; found:
C 65.09, H 6.70.


Methyl 2,3,6-O-tri-O-benzyl-4-O-(4,6-O-isopropylidene-3-O-methyl-5-C-
vinyl-b-d-glucopyranosyl)-a-d-glucopyranoside (9): A catalytic amount of
sodium was added at 0 8C to a solution of disaccharide 7 (2.7 g, 3.4 mmol) in
methanol (40 mL). After 3 h of stirring at room temperature, the mixture
was acidified with acetic acid, and the solvents were evaporated. The
residue (crude disaccharide 8) was dissolved in dry acetone (40 mL) and
2,2-dimethoxypropane (2 mL), then a catalytic amount of p-toluenesul-
fonic acid was added, and the reaction mixture was stirred at room
temperature overnight. After concentration, the residue was partitioned
between water and chloroform. The organic layer was dried (MgSO4),
concentrated and column chromatography (ethyl acetate/cyclohexane 1:1)
of the residue gave disaccharide 9 as a solid (1.7 g, 70%). M.p. 55 8C; [a]D�
�13 (c� 0.8 in chloroform); 1H NMR (250 MHz, CDCl3): d� 7.5 (m, 15H,
aromatic), 6.10 (dd, J7',8'a� 18.1, J7',8'b� 11.3 Hz, 1H, H-7'), 5.6 (dd, J8'a,8'b�
2.0 Hz, 1 H, H-8'a), 5.25 (dd, 1H, H-8'b), 4.90 (d, J1',2'� 7.6 Hz, 1H, H-1'),
4.65 (d, J1,2� 3.5 Hz, 1 H, H-1), 5.10 ± 4.64 (m, 6H, 3 CH2Ph), 4.08 ± 3.28 (m,
11H, H-2, 3, 4, 5, 6a, 6b, 2', 3', 4', 6'a, 6'b), 3.65, 3.44 (2s, 6H, 2 OMe), 2.75
(d, JOH,2� 2.7 Hz, 1 H, OH), 1.58, 1.68 (2 s, 6 H, 2 Me); CI-MS: 707 [M�H]� ,
724 [M�NH4]� ; elemental analysis calcd (%) for C40H50O11: C 67.97, H 7.13;
found: C 67.87, H 7.16.


Methyl 2,3,6-tri-O-benzyl-4-O-(4,6-O-isopropylidene-3-O-methyl-5-C-vi-
nyl-b-d-mannopyranosyl)-a-d-glucopyranoside (14): A mixture of oxalyl
chloride (0.35 mL, 4.0 mmol) and dry DMSO (0.57 mL, 8.0 mmol) in
dichloromethane (10 mL) was stirred at ÿ78 8C for 30 min. Compound 9
(1.4 g, 2.0 mmol) in dry dichloromethane (10 mL) was then added to the
solution and stirred for 45 min. Dry triethylamine (1.7 mL, 12.0 mmol) was
added, the solution was diluted with dichloromethane, and washed with
water. The organic layer was dried (MgSO4), concentrated, and the residue
13 was directly used for the next reaction.


Ketone 13 was dissolved in dry THF (15 mL) and 1m lithium triethylboro-
hydride in THF (4 mL, 4.0 mmol) was added atÿ78 8C. After 1 h stirring at
room temperature, 5 % sodium hydroxide (2 mL) and hydrogen peroxide
(1 mL) were added, the solvent was evaporated and the residue partitioned
between water and ethyl acetate. The organic layer was dried (MgSO4),
concentrated, and column chromatography (ethyl acetate/cyclohexane 2:1)
gave pure disaccharide 14 (1.0 g, 70 %). [a]D�ÿ11 (c� 0.5 in chloroform);
1H NMR (200 MHz, CDCl3): d� 7.40 ± 7.10 (m, 15 H, aromatic), 6.05 (dd,
J7',8'a� 11.2, J7',8'b� 18.0 Hz, 1 H, H-7'), 5.42 (d, 1H, H-8'a), 5.20 (d, 1H,
H-8'b), 4.92, 4.80 (2d, J� 11.1 Hz, 2 H, CH2Ph), 4.80 (s, 1H, H-1'), 4.70, 4.60
(2d, J� 12.2 Hz, 2 H, CH2Ph), 4.60, 4.40 (2d, J� 12.1 Hz, 2H, CH2Ph), 4.52
(d, J1,2� 3.5 Hz, 1 H, H-1), 4.10 (d, J3',4'� 10.2 Hz, 1H, H-4'), 3.90 ± 3.40 (m,
8H, H-2, 4, 5, 6a, 6b, 2', 6'a, 6'b), 3.30 (s, 6H, 2 OMe), 3.25 (t, J2,3� J3,4�
10.0 Hz, 1 H, H-3), 3.05 (dd, J2',3'� 3.4 Hz, 1H, H-3'), 2.53 (br s, 1 H, OH),
1.40, 1.35 (2s, 6 H, 2 CH3); CI-MS: 707 [M�H]� , 724 [M�NH4]� .


Methyl 2,3,6-tri-O-benzyl-4-O-(2-O-acetyl-3-O-methyl-5-C-vinyl-b-d-
mannopyranosyl)-a-d-glucopyranoside (16): Acetic anhydride (0.3 mL)
was added to a solution of disaccharide 14 (940 mg, 1.3 mmol) in pyridine
(3 mL). After 3 h of stirring at room temperature, concentration under
reduced pressure gave crude disaccharide 15 that was dissolved in 80%
acetic acid (5 mL). After 2 h at 60 8C, evaporation to dryness gave a residue
that was purified by column chromatography (ethyl acetate/cyclohexane
4:1) to give diol 16 as a solid (660 mg, 70%). M.p. 53 8C; [a]D�ÿ10 (c� 0.8
in chloroform); 1H NMR (200 MHz, CDCl3): d� 7.30 (m, 15H, aromatic),
5.85 (dd, J7',8'a� 11.1, J7',8'b� 17.9 Hz, 1 H, H-7'), 5.45 (dd, J8'a,8'b� 1.5 Hz, 1H,
H-8'a), 5.20 (dd, 1H, H-8'b), 5.19 (d, J2',3'� 3.1 Hz, 1 H, H-2'), 4.99, 4.75 (2d,
J� 11.5 Hz, 2H, CH2Ph), 4.79 (s, 1H, H-1'), 4.75, 4.60 (2 d, J� 11.5 Hz, 2H,
CH2Ph), 4.60, 4.40 (2d, J� 11.9 Hz, 2H, CH2Ph), 4.55 (d, J1,2� 3.5 Hz, 1H,
H-1), 3.95 (d, J3',4'� 10.2 Hz, 1 H, H-4'), 3.82 ± 3.00 (m, 7H, H-2, 3, 4, 5, 6a,
6b, 6'b), 3.30, 3.23 (2 s, 6 H, 2OMe), 3.15 (t, J2,3� J3,4� 10.0 Hz, 1 H, H-3),
2.92 (dd, 1H, H-3'), 2.00 (s, 3H, OAc); CI-MS: 709 [M�H]� , 726 [M�H4]� .


Methyl 2,3,6-tri-O-benzyl-4-O-(2-O-acetyl-3-O-methyl-6-O-tosyl-5-C-vi-
nyl-b-d-mannopyranosyl)-a-d-glucopyranoside (17): Tosyl chloride
(240 mg, 1.3 mmol) was added to a solution of diol 16 (600 mg, 0.9 mmol)
in pyridine (3 mL). After 3 h of stirring, evaporation to dryness gave a
residue that was dissolved in chloroform and washed with water. The
organic layer was dried (MgSO4), and after concentration in vacuo, the
residue was purified by a silica gel column chromatography (ethyl acetate/
cyclohexane 1:1) to give disaccharide 17 (297 mg, 80 %) as a syrup. [a]D�
ÿ26 (c� 0.8 in chloroform); 1H NMR (250 MHz, CDCl3): d� 7.70 ± 7.10
(m, 19H, aromatic), 5.79 (dd, J7',8'a� 10.9, J7',8'b� 17.9 Hz, 1H, H-7'), 5.50
(dd, J8'a,8'b� 1.3 Hz, 1H, H-8'a), 5.22 (dd, 1 H, H-8'b), 5.13 (dd, J1',2'� 1.1,
J2',3'� 3.0 Hz, 1 H, H-2'), 5.01, 4.65 (2 d, J� 11.9 Hz, 2H, CH2Ph), 4.73 (d,
1H, H-1'), 4.68, 4.62 (2 d, J� 11.9 Hz, 2 H, CH2Ph), 4.59, 4.40 (2 d, J�
12.2 Hz, 2H, CH2Ph), 4.49 (d, J1,2� 3.4 Hz, 1H, H-1), 4.07 (dd, J3',4'� 10.2,
J4',OH� 3.6 Hz, 1H, H-4'), 4.04 (d, J6'a,6'b� 11.0 Hz, 1 H, H-6'a), 3.77 ± 3.39
(m, 7 H, H-2, 3, 4, 5, 6a, 6b, 6'b), 3.27, 3.20 (2 s, 6 H, 2OMe), 2.89 (dd, 1H,
H-3'), 2.54 (d, 1H, OH), 2.32 (s, 3 H, Me), 2.10 (s, 3 H, OAc).


Methyl 2,3,6-tri-O-benzyl-4-O-(2,6-anhydro-3-O-methyl-5-C-vinyl-b-d-
mannopyranosyl)-a-d-glucopyranoside (18): A 0.1m ethanolic sodium
hydroxide solution (5 mL) was added to a solution of tosylate 17
(550 mg, 0.6 mmol) in ethanol (3 mL) and the mixture was heated at
70 8C for 3 h. After neutralisation with Amberlite IR-120 H� resin,
concentration and column chromatography (ethyl acetate/cyclohexane
1:1) gave disaccharide 18 (292 mg, 70 %) as a syrup. [a]D��13 (c� 0.5 in
chloroform); 1H NMR (250 MHz, CDCl3): d� 7.40 ± 7.00 (m, 15 H, aro-
matic), 5.47 (dd, J7',8'a� 10.4 Hz, 1H, H-7'), 5.33 (dd, J8'a,8'b� 2.0 Hz, 1H,
H-8'a), 5.20 (dd, 1H, H-8'b), 5.05 (br s, 1H, H-1'), 4.89 (AB system, 2H,
CH2Ph), 4.70, 4.55 (2d, J� 12.2 Hz, 2 H, CH2Ph), 4.55, 4.42 (2 d, J�
12.1 Hz, 2 H, CH2Ph), 4.55 (d, J1,2� 3.8 Hz, 1H, H-1), 4.00 (m, 1 H, H-3,
virtual coupling), 3.81, 3.60 (2 d, J6'a,6'b� 9.9 Hz, 2H, H-6'a, H-6'b), 3.74 (m,
4H, H-2', 4, 6a, 6b), 3.60 (m, 2H, H-4', 5), 3.47 (dd, J2,3� 9.6 Hz, 1H, H-2),
3.30, 3.25 (2s, 6 H, 2OMe), 2.97 (t, J2',3'� J3',4'� 1 Hz, 1 H, H-3'); CI-MS: 666
[M�NH4]� .


Methyl 2,3,6-tri-O-benzyl-4-O-(2,6-anhydro-5-C-benzyloxycarbonyl-3-O-
methyl-b-d-mannopyranosyl)-a-d-glucopyranoside (19): Ozone was bub-
bled into a stirred, cooled (ÿ78 8C), solution of disaccharide 18 (260 mg,
0.4 mmol) in dichloromethane (20 mL) until the color turned to pale blue.
Dimethylsulfide was added and, after washing with water, the organic layer
was dried (MgSO4), and concentrated. The residue was dissolved in tert-
butanol (16 mL), and 2-methyl-2-butene (5 mL) then water (16 mL) were
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added, followed by NaH2PO4 (700 mg) and NaClO2 (700 mg). The
suspension was vigorously stirred at room temperature overnight and
partitioned between water and ethyl acetate. The organic layer was dried
(MgSO4), and concentrated. The residue was dissolved in dry DMF
(25 mL), then tetrabutylammonium iodide (0.7 g, 2.0 mmol), potassium
hydrogencarbonate (0.25 g, 2.5 mmol) and benzyl bromide (0.250 mL,
2.1 mmol) were introduced. After 5 h, the product was extracted with
diethyl ether. The organic layer was washed with water, dried (MgSO4),
concentrated, and the residue was purified by silica gel column chroma-
tography (ethyl acetate/cyclohexane 2:1) to yield the benzyl ester
derivative 19 as a syrup (236 mg, 80%). [a]D��34 (c� 0.93 in dichloro-
methane); 1H NMR (200 MHz, CDCl3): d� 7.40 ± 7.10 (m, 20H, aromatic),
5.10 (br s, 1 H, H-1'), 5.05 (ABq, 2H, CH2Ph), 4.90 (s, 2H, CH2Ph), 4.70,
4.60 (2d, J� 12.1 Hz, 2H, CH2Ph), 4.60 (d, J1,2� 3.5 Hz, 1H, H-1), 4.60,
4.40 (2d, J� 12.1 Hz, 2 H, CH2Ph), 4.05, 3.90 (2 d, J6'a,6'b� 9.8 Hz, 2H,
H-6'a,6'b), 4.05 ± 3.90 (m, 2H, H-3, 4'), 3.8 ± 3.5 (m, 4H, H-4, 5, 6a, 6b), 3.65
(s, 1 H, H-2'), 3.45 (dd, J1,2� 3.5, J2,3� 9.5 Hz, 1H, H-2), 3.35, 3.30 (2s, 6H,
2OMe), 2.92 (br s, 1 H, H-3'), 2.30 (br s, 1H, OH); ESI-MS positive mode:
m/z : 779 [M�Na]� , 795 [M�K]� ; elemental analysis calcd (%) for
C43H48O12: C 68.24, H 6.39; found: C 68.35, H 6.80.


Pentasaccharide 21: A solution of tert-butyldimethylsilyl trifluorometha-
nesulfonate (TBDMS-OTf) in dichloromethane (0.156m, 100 mL) was
added, at ÿ20 8C to a stirred mixture of imidate 20 (81 mg, 78.2 mmol),
alcohol 19 (65 mg, 86 mmol), and finely grounded 4 � molecular sieves
(70 mg) in dichloromethane/diethyl ether 1:2 (2.4 mL). After 30 min of
stirring, the reaction was complete (TLC: toluene/ethyl acetate 7:3), and
solid NaHCO3 was added until neutral pH. After filtration and concen-
tration, the residue was first purified using a Sephadex LH 20 gel column
(dichloromethane/ethanol 1:1), and then over silica gel (ethyl acetate/
cyclohexane 1:1) to yield pentasaccharide 21 (86 mg, 67%). [a]D��66
(c� 1.0 in dichloromethane); 1H NMR (500 MHz, CDCl3): d� 5.50 (d,
J1,2� 3.7 Hz, 1H, H-1 GlcV), 5.41 (dd, 1H, H-3 GlcIII), 5.18 (br s, J1,2 �1 Hz,
1H, H-1 ManII), 4.98 (d, J1,2� 3.6 Hz, 1H, H-1 GlcIII), 4.58 (d, J1,2� 3.6 Hz,
1H, H-1 GlcI), 4.58 (dd, 1H, H-6a GlcIII), 4.28 (dd, 1 H, H-6a GlcV), 4.22
(dd, 1 H, H-6b GlcV), 4.19 (dd, 1 H, H-6b GlcIII), 4.14 (d, J1,2�9 Hz, 1H, H-1
GlcUAIV), 4.12 (d, 1H, H-4 ManII), 4.10 (d, 1 H, H-6a ManII), 4.01 (dd, 1H,
H-3 GlcI), 3.98 (d, 1 H, H-6b ManII), 3.94 (ddd, 1H, H-5 GlcIII), 3.92 (dd,
1H, H-4 GlcUAIV), 3.83 (m, 3H, H-2 GlcUAIV, H-5 GlcIV, H-6a GlcI), 3.80
(ddd, 1 H, H-5 GlcI), 3.78 (dd, 1 H, H-4 GlcI), 3.63 (dd, 1H, H-4 GlcIII), 3.61
(dd, 1 H, H-6b GlcI), 3.51 (dd, 1 H, H-2 GlcI), 3.45 (dd, 1H, H-2 GlcIII), 3.43
(ddd, 1 H, H-5 GlcV), 3.37 (dd, 1H, H-3 GlcV), 3.31 (dd, 1H, H-3 GlcUAIV),
3.12 (dd, 1H, H-3 ManII), 3.11 (dd, 1 H, H-2 GlcV), 3.03 (dd, 1H, H-4 GlcV),
2.93 (dd, 1H, H-2 GlcUAIV); ESI-MS, positive mode: monoisotopic mass:
1632.65; calcd: 1633.75; found: 1633.77� 0.10; elemental analysis calcd
(%) for C86H104O31: C 63.23, H 6.42; found: C 63.01, H 6.69.


Pentasaccharide 22 : A solution of pentasaccharide 21 (49 mg, 30.0 mmol) in
AcOH (3 mL) was stirred under H2 (35 bar) at 40 8C for 12 h in the
presence of 5% Pd/C (73 mg). The mixture was then filtered (Celite),
concentrated, and codistilled with water (4� 5 mL). The residue was
dissolved in aq. 1m NaOH (3 mL), and heated at 55 8C for 3 h. The solution
was cooled then loaded on top of a Sephadex G25F column (170 mL)
equilibrated in water. The fractions containing the compound were
collected, passed through a Dowex H� resin column, and concentrated to
give pentasaccharide 22 (25 mg, 86% from pentasaccharide 21). [a]D�
�105 (c� 1.0 in water); ESI-MS, negative mode: monoisotopic mass:
966.34; calcd: 966.89; found: 966.5.
2S0 Pentasaccharide 23 : A solution of pentasaccharide 22 (20 mg,
20.7 mmol) and Et3N ´ SO3 (164 mg, 0.90 mmol) in DMF (2 mL) was heated
at 55 8C with protection from light for 18 h. After cooling to room
temperature, the solution was diluted with aq. 0.2m NaCl, and layered on
top of a Sephadex G25F gel column (170 mL) equilibrated in aq. 0.2m
NaCl. The fractions containing the pentasaccharide were pooled and the
compound was desalted using a Sephadex G25F gel column (170 mL)
equilibrated in water. After freeze-drying, compound 23 (30.5 mg, 85%)
was obtained. [a]D��49 (c� 0.63 in water); 1H NMR (500 MHz, D2O):
d� 5.51 (d, J1,2� 3.8 Hz, 1 H, H-1 GlcIII), 5.50 (br s, J1,2� 1.3, J1,6b� 0.5 Hz,
1H, H-1 ManII), 5.47 (d, J1,2� 3.7 Hz, 1 H, H-1 GlcV), 5.17 (d, J1,2� 3.6 Hz,
1H, H-1 GlcI), 4.83 (dd, J3,4� 9.7 Hz, 1H, H-3 GlcI), 4.66 (d, J1,2� 7.8 Hz,
1H, H-1 GlcUAIV), 4.52 (dd, 1 H, H-6a GlcI), 4.51 (dd, J3,4� 9.7 Hz, 1H,
H-3 GlcIII), 4.41 (dd, J2,3� 1.4, J2,4� 0.5 Hz, 2H, H-2 ManII, H-6a GlcIII),
4.40 (dd, J6a,6b� 11.3 Hz, 1 H, H-6b GlcI), 4.36 (dd, 2H, J2,3� 9.7 Hz,


H-2 GlcIII, J2,3� 9.5 Hz, H-2 GlcI), 4.29 (dd, J6a,6b� 11.3 Hz, 2H, H-6a GlcV,
H-6b GlcIII), 4.24 (d, 1H, H-6a ManII), 4.20 (ddd, J5,6a� 3.8, J5,6b� 2.2 Hz,
1H, H-5 GlcI), 4.17 (d, 1H, H-4 ManII), 4.12 (dd, J6a,6b� 11.2 Hz, 1H, H-6b
GlcV), 4.09 (d, J6a,6b� 10.2 Hz, 1 H, H-6b ManII), 4.08 (ddd, J5,6a� 1.8, J5,6b�
2.0 Hz, 1 H, H-5 GlcIII), 4.01 (dd, 2 H, J4,5� 9.7 Hz, H-4 GlcIII, J4,5� 10.0 Hz,
H-4 GlcI), 3.90 (dd, J4,5� 9.6 Hz, 1 H, H-4 GlcUAIV), 3.88 (dt, J5,6a� 1.6,
J5,6b� 1.6 Hz, 1H, H-5 GlcV), 3.74 (dd, J3,4� 2.7 Hz, 1H, H-3 ManII), 3.72 (d,
1H, H-5 GlcIV), 3.55 (dd, J3,4� 9.5 Hz, 1H, H-3 GlcV), 3.53 (dd, J3,4�
9.1 Hz, 1 H, H-3 GlcUAIV), 3.34 (dd, J4,5� 9.9 Hz, 1 H, H-4 GlcV), 3.31
(dd, J2,3� 9.9 Hz, 1 H, H-2 GlcV), 3.26 (dd, J2,3� 9.4 Hz, 1 H, H-2 GlcUAIV);
ESI-MS, negative mode: monoisotopic mass: 1727.19; calcd: 1725.89;
found: 1725.46� 0.19.


3-O-Allyl-6-O-tert-butyldimethylsilyl-1,2-O-isopropylidene-a-d-glucofur-
anose (24): 3-O-Allyl-1,2-O-isopropylidene-a-d-glucofuranose (7.5 g,
28.8 mmol) was dissolved in dry dichloromethane (100 mL), then
TBDMSCl (4.75 g, 31.7 mmol) and imidazole (3.9 g, 57.7 mmol) were
added. The reaction mixture was stirred at RT for 4 h, then diluted with
dichloromethane, washed with water, the organic layer was dried (MgSO4),
concentrated and the residue purified by column chromatography (ethyl
acetate/cyclohexane 1:9) to give the desired product 24 (10.3 g, 95 %) as a
syrup. [a]D�ÿ31 (c� 1 in chloroform); 1H NMR (200 MHz, CDCl3): d�
5.80 (d, J1,2� 3.6 Hz, 1 H, H-1), 5.80 (m, 1H, CH allylic), 4.45 (d, 1 H, H-2),
4.0 (d, J3,4� 2.9 Hz, 1H, H-4), 3.95 (d, 1 H, H-3), 3.90 (m, 1H, H-5), 3.75
(dd, J5,6b� 3.6, J6a,6b� 10.1 Hz, 1H, H-6b), 3.65 (dd, J5,6a� 5.0 Hz, 1H,
H-6a), 2.60 (d, J5,OH� 6.5 Hz, 1 H, OH), 1.40, 1.20 (2s, 6H, 2 Me), 0.80 (s,
9H, tBu), 0.0 (s, 6H, 2Me).


3-O-Allyl-6-O-tert-butyldimethylsilyl-1,2-O-isopropylidene-5-C-vinyl-a-d-
glucofuranose (26): Oxalyl chloride (4.6 mL, 53.5 mmol) and DMSO
(7.6 mL, 107 mmol) were added in dry dichloromethane (40 mL) at ÿ78 8C
and stirred for 30 min. A solution of compound 24 (10.0 g, 26.7 mmol) in
dichloromethane (50 mL) was slowly added and stirred for 1 h. Triethyl-
amine (22.3 mL, 160.4 mmol) was added and after 30 min of stirring, the
reaction mixture was diluted with dichloromethane, washed with water,
dried (MgSO4), and concentrated to give the ketone which was used as such
for the next reaction. The crude ketone 25 was dissolved in dry THF
(80 mL), and a 1m solution of vinylmagnesium bromide (40.3 mL,
40.3 mmol) in THF was added at 0 8C. After 1 h the reaction mixture was
quenched with sat. NH4Cl and extracted with ethyl acetate. The organic
layer was dried (MgSO4), concentrated and the residue was purified by
silica gel column chromatography (ethyl acetate/cyclohexane 2:8) to give
compound 26 (9.9 g, 89 %) as a syrup. [a]D�ÿ28 (c� 1 in chloroform);
1H NMR (200 MHz, CDCl3): d� 6.00 (m, 1H, H-7), 5.90 (d, J1,2� 3.93 Hz,
1H, H-1), 5.80 (m, 1 H, -CH allylic), 5.40 (dd, J8a,8b� 1.8, J7,8b� 17.4 Hz, 1H,
H-8b), 5.30 ± 5.20 (m, 2H, CH2 allylic), 5.14 (dd, J7,8a� 10.7 Hz, 1 H, H-8a),
4.50 (d, 1H, H-2), 4.20 (d, J3,4� 3.04 Hz, 1H, H-4), 3.90 ± 4.10 (m, 2 H, CH2


allylic), 4.0 (d, 1H, H-3), 3.81 (br s, 1 H, OH), 3.50 (2d, J6a,6b� 9.6 Hz, 2H,
H-6a, H-6b), 1.42, 1.22 (2s, 6 H, 2Me), 0.85 (s, 9H, tBu), 0.00 (s, 6H, 2Me);
elemental analysis calcd (%) for C20H34O6Si: C 59.97, H 9.05; found: C
60.00, H 9.05.


1,2,4,6-Tetra-O-acetyl-3-O-allyl-5-C-vinyl-b-d-glucopyranose (28): A mix-
ture of compound 26 (8.0 g, 20 mmol) and IR-120 H� resin (2.5 g) in water
(200 mL) was heated at 80 8C. After 8 h of stirring, the resin was filtered off
and the filtrate concentrated to give the crude product 27. The latter was
acetylated using acetic anhydride (40 mL) and pyridine (80 mL). After 12 h
of stirring, the excess of acetic anhydride was quenched by methanol and
solvents were concentrated to yield the crude residue which was partitioned
between ethyl acetate and water. The organic layer was dried (MgSO4),
concentrated, and the residue purified by column chromatography (ethyl
acetate/cyclohexane 1:1) to furnish compound 28 (4.3 g, 52%) as a syrup.
[a]D�ÿ43 (c� 1 in chloroform); 1H NMR (250 MHz, CDCl3): d� 5.90 ±
5.61 (m, 3H, H-7, allylic proton), 5.80 (d, J1,2� 8.4 Hz, 1H, H-1), 5.58 (dd,
J7,8a� 8.5 Hz, 1 H, H-8a), 5.30 (d, J3,4� 10.1 Hz, 1 H, H-4), 5.10 (dd, J2,3�
9.8 Hz, 1 H, H-2), 5.10 (m, 1 H, allylic), 4.50 (d, J6a,6b� 12.5 Hz, 1H, H-6b),
4.0 (dd, J� 1.4 Hz, 4.4 Hz, 1H, allylic CH2), 3.62 (d, 1H, H-6a), 3.50 (t,
J3,4� J2,3� 9.8 Hz, 1 H, H-3), 2.70 (4 s, 12H, 4OAc); elemental analysis
calcd (%) for C19H26O10: C 55.06, H 6.32; found: C 55.13, H 6.33.


Methyl 2,3,6-tri-O-benzyl-4-O-(2,4,6-tri-O-acetyl-3-O-allyl-5-C-vinyl-b-d-
glucopyranosyl)-a-d-glucopyranoside (29): A solution of compound 28
(3.2 g, 8.0 mmol) and alcohol 6 (4.45 g, 9.6 mmol) in dichloromethane
(75 mL) was stirred at RT in the presence of powdered molecular sieves
(8.0 g) for 1 h. Then TMSOTf (1.75 mL, 9.6 mmol) was added at ÿ78 8C
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and slowly allowed to reach room temperature under stirring. After 3 h, the
reaction mixture was quenched with triethylamine, filtered (Celite), and
the filtrate was washed with water. The organic layer was dried (MgSO4),
concentrated, and the residue was purified by column chromatography
(ethyl acetate/cyclohexane 3:7) to furnish compound 29 (5.1 g, 78%) as a
white solid. M.p. 124 8C; [a]D�ÿ45 (c� 1.1 in chloroform); 1H NMR
(400 MHz, CDCl3): d� 5.90 (dd, J7',8'b� 11.0, J7',8'a� 17.8 Hz, 1H, H-7'), 5.80
(m, 1H, allylic), 5.70 (dd, J8'a,8'b� 0.6 Hz, 1H, H-8'b), 5.37 (d, J3',4'� 9.6 Hz,
1H, H-4'), 5.35 (dd, 1 H, H-8'a), 5.20 (m, 2H, allylic), 5.02 (dd, J1',2'� 8.2,
J2',3'� 9.5 Hz, 1H, H-2'), 4.86 (d, 1 H, H-1'), 5.21, 4.72 (2d, J� 12.6 Hz, 2H,
CH2Ph), 4.72, 4.61 (2d, J� 12.4 Hz, 2H, CH2Ph), 4.71, 4.49 (2d, J�
12.0 Hz, 2H, CH2Ph), 4.60 (d, J1,2� 4.1 Hz, 1H, H-1), 4.1 (d, J6'a,6'b�
12.3 Hz, 1 H, H-6'b), 4.05 (m, 2H, allylic CH2), 3.87 (t, J2,3� J3,4� 9.0 Hz,
1H, H-3), 3.82 (t, 1H, H-4), 3.75 (dd, J6a,6b� 11.7, J5,6b� 3.7 Hz, 1 H, H-6b),
3.60 (ddd, J5,6a� 1.7, J4,5� 9.0 Hz, 1H, H-5), 3.56 (dd, 1H, H-6a), 3.52 (dd,
1H, H-2), 3.46 (d, 1H, H-6'a), 3.45 (t, 1 H, H-3'), 3.40 (s, 3H, OMe), 2.10,
2.0, 1.90 (3s, 9H, 3 OAc); elemental analysis calcd (%) for C45H54O14: C
66.00, H 6.67; found: C 66.03, H 6.59.


Methyl 2,3,6-O-tri-O-benzyl-4-O-(3-O-allyl-4,6-O-isopropylidene-5-C-vi-
nyl-b-d-glucopyranosyl)-a-d-glucopyranoside (31): Catalytic amount so-
dium was added at 0 8C to a solution of compound 29 (5.0 g, 6.11 mmol) in
methanol (100 mL). After 6 h of stirring at RT, the solvent was concen-
trated. The residue (crude disaccharide 30) was dissolved in dry acetone
(100 mL), and 2,2'-dimethoxypropane (6 mL) then p-TsOH (catalytic) was
added. The reaction mixture was allowed to stir at RT overnight. The
solvent was evaporated and the residue was partitioned between water and
chloroform. The organic layer was dried (MgSO4), concentrated and the
residue was purified by column chromatography (ethyl acetate/cyclo-
hexane 3:7) to furnish disaccharide 31 (3.3 g, 74 %) as a syrup. [a]D�ÿ16
(c� 1 in chloroform); 1H NMR (400 MHz, CDCl3): d� 6.02 (dd, J7',8'a�
11.3, J7',8'b� 18.0 Hz, 1H, H-7'), 5.95 (m, 1 H, allylic), 5.50 (dd, J8'a,8'b�
1.3 Hz, 1 H, H-8'b), 5.20 ± 5.35 (m, 2H, allylic), 5.19 (dd, 1 H, H-8'a), 5.05,
4.91 (2d, J� 11.3 Hz, 2 H, CH2Ph), 4.87 (d, J1',2'� 7.4 Hz, 1H, H-1'), 4.82,
4.65 (2 d, J� 12.2 Hz, 2H, CH2Ph), 4.60 (ABq, 2H, CH2Ph), 4.40 ± 4.20 (m,
2H, allylic), 4.02 (dd, J6a,6b� 11.0, J5,6b� 3.0 Hz, 1H, H-6b), 3.89 ± 3.99 (m,
2H, H-3, H-4), 3.78 (ddd, J5,6a� 2.0 Hz, 1H, H-5), 3.72 (d, J3',4'� 9.8 Hz, 1H,
H-4'), 3.67 (dd, 1 H, H-6a), 3.57 (d, J6'a,6'b� 10.1 Hz, 1 H, H-6'b), 3.56 (dd,
J1,2� 3.2, J2,3� 10.1 Hz, 1H, H-2), 3.46 (m, 2H, H-2', H-3'), 3.37 (s, 3H,
OMe), 3.35 (d, 1H, H-6'a); elemental analysis calcd (%) for C42H52O11: C
68.83, H. 7.15; found: C 68.90, H 7.11.


Methyl 2,3,6-tri-O-benzyl-4-O-(3-O-allyl-4,6-O-isopropylidene-2-O-meth-
yl-5-C-vinyl-b-d-glucopyranosyl)-a-d-glucopyranoside (32): NaH (0.26 g,
5.4 mmol, 60 % dispersion in paraffin oil), and methyl iodide (0.42 mL,
6.75 mmol) were added to a solution of disaccharide 31 (3.3 g, 4.5 mmol) in
DMF (50 mL) at 0 8C. The reaction mixture was stirred at room temper-
ature for 4 h. Excess of NaH was quenched with methanol, solvents were
evaporated, and the crude residue was partitioned between ethyl acetate
and water. The organic layer was separated, dried (MgSO4), and
concentrated. Purification by column chromatography (ethyl acetate/
cyclohexane 3:2) furnished disaccharide 32 (3.1 g, 92 %) as a syrup.
[a]D��5 (c� 1.5 in chloroform); 1H NMR (400 MHz, CDCl3): d� 6.05
(dd, J7',8'a� 11.3, J7',8'b� 18.0 Hz, 1 H, H-7'), 5.52 (dd, J8'a,8'b� 0.9 Hz, 1H,
H-8'b), 5.15 (dd, 1H, H-8'a), 5.05, 4.86 (2d, J� 11.1 Hz, 2H, CH2Ph), 4.82
(d, J1',2'� 8.2 Hz, 1 H, H-1'), 4.85, 4.62 (2d, J� 12.2 Hz, 2 H, CH2Ph), 4.65 (d,
J1,2� 3.8 Hz, 1H, H-1), 4.56 (ABq, 2H, CH2Ph), 3.97 ± 3.85 (m, 3H,
H-6b,4,3), 3.72 (ddd, J4,5� 8.9, J5,6b� 1.7, J5,6a� 3.1 Hz, 1H, H-5), 3.69 (dd,
J6a,6b� 12.0 Hz, 1H, H-6a), 3.60 (dd, J2,3� 8.9 Hz, 1H, H-2), 3.62 (d, 1H,
H-4'), 3.60 (s, 3 H, OMe), 3.52 (d, J6'a,6'b� 10.2 Hz, 1H, H-6'a), 3.42 (s, 3H,
OMe), 3.40 (d, 1 H, H-6'b), 3.05 (d, 1H, H-2'); elemental analysis calcd (%)
for C43H54O11: C 69.15, H 7.29; found: C 69.26, H 7.22.


Methyl 2,3,6-tri-O-benzyl-4-O-(4,6-O-isopropylidene-2-O-methyl-5-C-vi-
nyl-b-d-glucopyranosyl)-a-d-glucopyranoside (33): A mixture of com-
pound 32 (3.0 g, 4.01 mmol) and tBuOK (3.6 g, 32.1 mmol) in DMSO
(30 mL) was heated at 80 8C for 1 h. After cooling to 0 8C, sat. aq. NH4Cl
was added and the reaction mixture was stirred for 15 min, and extracted
repeatedly with dichloromethane. The organic layer was dried (MgSO4)
and concentrated to obtain the crude prop-1'-enyl ether, which was used as
such for the next reaction. To a mixture of this compound, HgO (1.74 g,
8.03 mmol), acetone (50 mL), and water (8 mL), was added dropwise a
solution of HgCl2 (1.09 g, 4.01 mmol) in acetone (5 mL). The reaction
mixture was stirred at RT for 1 h, then filtered (Celite), and concentrated.


The residue was dissolved in dichloromethane and washed successively
with aq. KI, water, and brine. The organic layer was dried (MgSO4),
concentrated, and the residue was purified by column chromatography
(ethyl acetate/cyclohexane 2:3) to provide disaccharide 33 as a syrup
(1.83 g, 65%). [a]D�ÿ2 (c� 1.6 in chloroform); 1H NMR (400 MHz,
CDCl3): d� 6.05 (dd, J7',8'a� 11.3, J7',8'b� 18.0 Hz, 1H, H-7'), 5.52 (dd,
J8'a,8'b� 0.9 Hz, 1H, H-8'b), 5.15 (dd, 1 H, H-8'a), 5.05, 4.86 (2d, J� 11.1 Hz,
2H, CH2Ph), 4.82 (d, J1',2'� 8.2 Hz, 1H, H-1'), 4.85, 4.67 (2 d, J� 12.2 Hz,
2H, CH2Ph), 4.65 (d, J1,2� 3.8 Hz, 1H, H-1), 4.56 (ABq, 2 H, CH2Ph),
3.97 ± 3.85 (m, 3H, H-6b,4,3), 3.72 (ddd, J4,5� 8.9, J5,6b� 1.7, J5,6a� 3.1 Hz,
1H, H-5), 3.70 (t, J2',3'� J3',4'� 10.2 Hz, 1H, H-3'), 3.69 (d, J6a,6b� 12.0 Hz,
1H, H-6a), 3.60 (dd, J2,3� 8.9 Hz, 1 H, H-2), 3.62 (d, 1H, H-4'), 3.60, 3.42
(2s, 6H, 2OMe), 3.52 (d, J6'a,6'b� 10.2 Hz, 1 H, H-6'b), 3.40 (d, 1H, H-6'a),
3.05 (dd, 1H, H-2'); elemental analysis calcd (%) for C40H51O11: C 67.87, H
7.26; found: C 67.75, H 7.30.


Methyl 2,3,6-tri-O-benzyl-4-O-(3-O-acetyl-2-O-methyl-5-C-vinyl-b-d-glu-
copyranosyl)-a-d-glucopyranoside (35): Acetic anhydride (0.7 mL) and
pyridine (1.6 mL) were added to a solution of compound 33 (1.4 g,
1.98 mmol) in dichloromethane (20 mL). The reaction mixture was stirred
at RT for 3 h. Excess of the reagent was quenched with MeOH and
concentration furnished the crude disaccharide 34 which was used as such
for the next reaction. A solution of compound 34 in a mixture of 60% acetic
acid in water (20 mL) was added and heated at 70 8C for 1 h. Concentration
and co-concentration with toluene gave a crude product that was purified
by column chromatography (ethyl acetate/cyclohexane 7:3) to furnish
disaccharide 35 (1.0 g, 71%) as a solid. M.p. 123 8C; [a]D�ÿ12 (c� 1.53 in
chloroform); 1H NMR (400 MHz, CDCl3): d� 5.87 (dd, J7',8'a� 11.2, J7',8'b�
17.0 Hz, 1H, H-7'), 5.45 (dd, J8'a,8'b� 1.1 Hz, 1 H, H-8'b), 5.12 (dd, 1H,
H-8'a), 5.05, 4.92 (2d, J� 12.0 Hz, 2 H, CH2Ph), 4.93 (t, J2',3'� 10.1 Hz, 1H,
H-3'), 4.85, 4.70 (2d, J� 12.2 Hz, 2H, CH2Ph), 4.80 (d, J1',2'� 7.9 Hz, 1H,
H-1'), 4.65 (d, J1,2� 3.7 Hz, H1 H, -1), 4.57 (ABq, 2H, CH2Ph), 3.92 ± 3.85
(m, 4 H, H-4', 6b, 4, 3), 3.72 (ddd, J5,6a� 1.7, J5,6b� 3.7, J4,5� 8.9 Hz, 1H,
H-5), 3.67 (dd, J6a,6b� 10.8 Hz, 1 H, H-6b), 3.60 (dd, J2,3� 9.5 Hz, 1H, H-2),
3.50, 3.40 (2 s, 6H, 2 OMe), 3.37 (m, 1H, H-6'b), 3.15 (d, J� 11.8 Hz, 1H,
H-6'a), 3.05 (dd, 1H, H-2'), 2.20 (s, 3H, OAc); elemental analysis calcd (%)
for C39H48O12: C 66.09, H 6.83; found: C 66.02, H 6.84.


Methyl 2,3,6-tri-O-benzyl-4-O-(3-O-acetyl-2-O-methyl-6-O-tosyl-5-C-vi-
nyl-b-d-glucopyranosyl)-a-d-glucopyranoside (36): Tosyl chloride
(0.145 g, 0.745 mmol) and triethylamine (0.2 mL) were added to a solution
of compound 35 (0.48 g, 0.68 mmol) in dichloromethane (10 mL), and the
reaction mixture was stirred at RT for 6 h. The organic layer was then
washed with water, dried (MgSO4), and concentrated. The residue was
purified by column chromatography (ethyl acetate/cyclohexane 3:7) to
furnish disaccharide 36 (0.438 g, 75%) as a syrup. [a]D�ÿ10 (c� 0.85 in
chloroform); 1H NMR (400 MHz, CDCl3): d� 5.90 (dd, J7',8'a� 11.1, J7',8'b�
17.9 Hz, 1 H, H-7'), 5.52 (dd, J8'a,8'b� 0.6 Hz, 1 H, H-8'b), 5.12 (dd, 1H,
H-8'a), 5.01 (t, J2',3'� J3',4'� 9.9 Hz, 1 H, H-3'), 5.20, 4.80 (2d, J� 11.8 Hz,
2H, CH2Ph), 4.75 (d, J1',2'� 8.1 Hz, 1H, H-1'), 4.75, 4.60 (2 d, J� 12.0 Hz,
2H, CH2Ph), 4.52 (ABq, 2 H, CH2Ph), 4.09 (d, J6'a,6'b� 11.4 Hz, 1H, H-6'b),
4.02 (dd, J4',OH� 5.5 Hz, 1H, H-4'), 3.93 (dd, J6a,6b� 10.7, J5,6b� 2.7 Hz, 1H,
H-6b), 3.87 (t, J3,4� 9.7 Hz, 1 H, H-3), 3.82 (t, 1H, H-4), 3.69 (ddd, J5,6a� 1.7,
J4,5� 8.8 Hz, 1H, H-5), 3.65 (dd, 1 H, H-6a), 3.53 (dd, 1 H, H-2), 3.52 (d, 1H,
H-6'a), 3.47, 3.39 (2 s, 6H, 2 OMe), 3.15 (dd, 1 H, H-2'), 3.05 (d, 1H, OH).


Methyl 2,3,6-tri-O-benzyl-4-O-(3-O-5-C-methylidene-2-O-methyl-5-C-vi-
nyl-a-l-idopyranosyl)-a-d-glucopyranoside (37): A 0.1n ethanolic sodium
hydroxide solution (10 mL) of compound 36 (0.4 g, 0.464 mmol) was heated
at 70 ± 80 8C for 2 h. The reaction mixture was neutralized with IR H� resin
and filtered. The filtrate was concentrated and purified by column
chromatography (ethyl acetate/cyclohexane 8:2) to furnish disaccharide
37 (0.255 g, 85%) as a syrup. [a]D��6 (c� 1 in chloroform); 1H NMR
(400 MHz, CDCl3): d� 5.70 (dd, J7',8'b� 10.8, J7',8'b� 17.2 Hz, 1 H, H-7'), 5.50
(dd, J8'a,8'b� 1.5 Hz, 1H, H-8'b), 5.40 (s, 1 H, H-1'), 5.27 (dd, 1H, H-8'a),
5.02, 4.92 (2d, J� 10.7 Hz, 2 H, CH2Ph), 4.80, 4.65 (2 d, J� 12.1 Hz, 2H,
CH2Ph), 4.67, 4.55 (2 d, J� 11.9 Hz, 2H, CH2Ph), 4.65 (d, J1,2� 3.5 Hz, 1H,
H-1), 4.45 (d, J6'a,6'b� 9.7 Hz, 1H, H-6'b), 4.29 (t, J2',3'� J3',4'� 4.9 Hz, 1H,
H-3'), 4.07 (t, J2,3� J3,4� 9.8 Hz, 1H, H-3), 4.02 (t, 1 H, H-4'), 3.92 (dd,
J6a,6b� 10.7, J5,6b� 2.8 Hz, 1H, H-6b), 3.85 (t, 1H, H-4), 3.75 (ddd, J4,5� 9.8,
J5,6a� 1.8 Hz, 1H, H-5), 3.72 (d, 1 H, H-6'a), 3.69 (dd, 1 H, H-6a), 3.6 (dd,
1H, H-2), 3.58 (d, 1H, H-2'), 3.40 (s, 3 H, OMe), 3.30 (s, 3H, OMe); CI-MS:
m/z :666 [M�NH3]� .
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Methyl 2,3,6-tri-O-benzyl-4-O-(benzyl 2-O-methyl-3-O-5-C-methylidene-
a-l-idopyranosyluronate)-a-d-glucopyranoside (40): A solution of com-
pound 37 (0.2 g, 0.308 mmol) in dichloromethane (30 mL) was stirred at
ÿ78 8C, then ozone was bubbled until the solution turned pale blue. Excess
of ozone was quenched with dimethylsulphide and was kept at RT for 1 h.
The reaction mixture was partitioned between dichloromethane and water.
The organic layer was dried (MgSO4), and concentrated to furnish the
crude aldehyde 38 which was used as such for the next reaction. The latter
was dissolved in a mixture of 2-methyl-2-butene/water/tert-butanol (1:2:2,
25 mL), then sodium dihydrogenphosphate (500 mg) and sodium chlorite
(500 mg) were added, and the mixture was stirred at RT for 5 h. After
dilution with ethyl acetate, the organic layer was washed with water, dried
(MgSO4) and concentrated to obtain the crude acid (39). The latter was
dissolved in DMF (10 mL) and potassium hydrogen carbonate (0.2 g) then
benzyl bromide (0.2 mL) were added, and the reaction mixture was allowed
to stir at room temperature for 5 h. After dilution with diethyl ether, the
organic layer was washed (water), dried (MgSO4), and concentrated to
obtain a residue which was purified by column chromatography (ethyl
acetate/cyclohexane 3:2) to furnish compound 40 (0.17 g, 73 %) as a syrup.
[a]D��18 (c� 0.75 in chloroform); 1H NMR (200 MHz, CDCl3): d� 5.40
(s, 1H, H-1'), 5.15 (s, 2 H, CH2Ph), 4.90, 4.50 (2d, J� 10.6 Hz, 2 H, CH2Ph),
4.78, 4.63 (2d, J� 12.1 Hz, 2 H, CH2Ph), 4.65 (d, J1,2� 3.7 Hz, 1 H, H-1),
4.69, 4.55 (2d, J� 12.0 Hz, 2H, CH2Ph), 4.60 (d, J6'a,6'b� 9.4 Hz, 1 H, H-6'b),
4.49 (dd, JOH,4'� 10.5, J3',4'� 5.5 Hz, 1 H, H-4'), 4.29 (t, J2',3'� J3',4'� 4.5 Hz,
1H, H-3'), 4.10 (d, 1 H, H-6'a), 4.05 (t, J3,4� J2,3� 9.2 Hz, 1 H, H-3), 4.01 (d,
1H, OH), 3.85 (t, J4,5� 9.2 Hz, 1 H, H-4), 3.85 (dd, J6a,6b� 10.8, J5,6b�
3.0 Hz, 1H, H-6b), 3.75 (ddd, J5,6a� 1.9 Hz, 1H, H-5), 3.65 (dd, 1H,
H-6a), 3.62 (dd, 1 H, H-2), 3.51 (d, 1H, H-2'), 3.40 (s, 3H, OMe), 3.20 (s,
3H, OMe); elemental analysis calcd (%) for C43H48O12: C 68.24, H 6.39;
found: C 68.29, H 6.79.


Pentasaccharide 41: A mixture of imidate 20 (81 mg, 81 mmol), compound
40 (61 mg, 80 mmol), powdered molecular sieves (150 mg) in anhydrous
dichloromethane (5 mL) was stirred at ÿ20 8C for 30 min. Then TMSOTf
(3 mL) was added and stirring was continued for 1 h. The reaction mixture
was quenched with triethylamine, stirred 30 min, and filtered (Celite). The
filtrate was partitioned between water and dichloromethane. The organic
layer was dried (MgSO4) and concentrated to furnish a residue that was
purified by column chromatography (ethyl acetate/cyclohexane 7:3) to
furnish pentasaccharide 41 (107 mg, 83%) as a syrup. [a]D��80 (c� 1 in
dichloromethane); 1H NMR (500 MHz, CDCl3): d� 5.50 (d, J1,2� 3.7 Hz,
1H, H-1 GlcV), 5.42 (dd, 1 H, H-3 GlcIII), 5.29 (d, J1,2 �1 Hz, 1H, H-1
IdoUAII), 4.92 (d, J1,2� 3.0 Hz, 1 H, H-1 GlcIII), 4.57 (d, J1,2� 3.6 Hz, 1H,
H-1 GlcI), 4.54 (dd, 1 H, H-6a GlcIII), 4.41 (d, 1 H, H-4 IdoUAII), 4.36 (dd,
1H, H-3 IdoUAII), 4.27 (dd, 1H, H-6a GlcV), 4.13 (d, J1,2 �8 Hz, 1H, H-1
GlcUAIV), 4.21 (dd, 1H, H-6b GlcV), 4.19 (dd, 1 H, H-6b GlcIII), 4.10 (d, 1H,
H-6a IdoUAII), 4.03 (ddd, 1 H, H-5 GlcIII), 3.92 (dd, 1H, H-3 GlcI), 3.91 (dd,
1H, H-4 GlcUAIV), 3.82 (d, 1H, H-5 GlcIV), 3.79 (d, 1H, H-6b IdoUAII),
3.78 (ddd, 1 H, H-5 GlcI), 3.73 (dd, 1H, H-4 GlcI), 3.62 (dd, 1H, H-4 GlcIII),
3.60 (m, 2H, H-6a, H-6b GlcI), 3.47 (dd, 1 H, H-2 GlcI), 3.43 (ddd, 1H, H-5
GlcV), 3.42 (dd, 1H, H-2 GlcIII), 3.36 (dd, 1 H, H-2 GlcUAIV), 3.34 (dd, 1H,
H-3 GlcV), 3.30 (dd, 1 H, H-3 GlcUAIV), 3.10 (dd, 1 H, H-2 GlcV), 3.03 (dd,
1H, H-4 GlcV), 2.92 (dd, 1 H, H-2 GlcUAIV); FAB-MS, positive mode: m/z :
thioglycerol�NaCl: 1655.8 [M�Na]� ; m/z: thioglycerol�KF: 1671.6
[M�K]� ; elemental analysis calcd (%) for C86H104O31: C 63.23, H 6.42;
found: C 63.19, H 6.63.


Pentasaccharide 42 : A solution of pentasaccharide 41 (50 mg, 30.6 mmol) in
acetic acid (2 mL) was stirred under H2 in the presence of 5% Pd/C
(100 mg, 20 bar) for 12 h at 50 8C. The mixture was then filtered (Celite),
concentrated, and codistilled with water (5� 2 mL). The residue was
dissolved in methanol (1.38 mL), and aq. 5n NaOH (1.10 mL) was added
(final concentration: 1m). After 12 h of stirring, the solution was loaded on
top of a Sephadex G25F column (190 mL) equilibrated with water. The
fractions containing the compound were collected, passed through a
Dowex H� resin column, and concentrated to give pentasaccharide 42
(26 mg, 88% from 41). FAB-MS: positive mode: m/z : thioglycerol�NaCl:
989 [M�Na]� .
1C4 Pentasaccharide 43 : A solution of pentasaccharide 42 (26 mg,
26.8 mmol) and Et3N ´ SO3 (170 mg, 0.94 mmol) in DMF (2.8 mL) was
heated at 55 8C with protection from light for 20 h. After cooling to room
temperature, the solution was diluted with aq. 0.2m NaCl, and layered on
top of a Sephadex G25F gel column (190 mL) equilibrated in aq. 0.2m


NaCl. The fractions containing the pentasaccharide were pooled together
and the compound was desalted using a Sephadex G25F gel column
(190 mL) equilibrated in water. After freeze-drying, compound 43
(43.7 mg, 94 %) was obtained. [a]D��61 (c� 1 in water); 1H NMR
(500 MHz, D2O): d� 5.46 (d, J1,2� 3.8 Hz, 1 H, H-1 GlcV), 5.39 (br s, J1,2� 0,
J1,3� 0.5, J1,6b� 0.5 Hz, 1H, H-1 IdoUAII), 5.33 (d, J1,2� 3.6 Hz, 1H, H-1
GlcIII), 5.16 (d, J1,2� 3.6 Hz, 1H, H-1 GlcI), 4.79 (dd, J3,4� 9.1 Hz, 1H, H-3
GlcI), 4.66 (dd, J3,4� 5.5, 4J3,6b� 0� 0.5 Hz, 1 H, H-3 IdoUAII), 4.65 (d, J1,2�
7.8 Hz, 1H, H-1 GlcUAIV), 4.62 (dd, J3,4� 9.6 Hz, 1 H, H-3 GlcIII), 4.57 (d,
1H, H-4 IdoUAII), 4.48 (d, 1 H, H-6a IdoUAII), 4.45 (dd, 1H, H-6a GlcI),
4.40 (dd, 1H, H-6a GlcIII), 4.36 (dd, J2,3� 9.2 Hz, 1 H, H-2 GlcI), 4.34 (dd,
J6a,6b� 10.8 Hz, 1H, H-6b GlcI), 4.30 (dd, J6a,6b� 11.3 Hz, 1H, H-6b GlcIII),
4.28 (dd, 1H, H-6a GlcV), 4.27 (dd, J2,3� 10.1 Hz, 1H, H-2 GlcIII), 4.14 (d,
J6a,6b� 10.0 Hz, 1 H, H-6b IdoUAII), 4.11 (dd, J6a,6b� 11.2 Hz, 1H, H-6b
GlcV), 4.10 (ddd, J5,6a� 3.7, J5,6b� 2.2 Hz, 1H, H-5 GlcI), 4.07 (ddd, J5,6a�
1.8, J5,6b� 1.2 Hz, 1H, H-5 GlcIII), 3.98 (dd, J4,5� 9.8 Hz, 1 H, H-4 GlcIII),
3.88 (dd, J4,5� 9.7 Hz, 1 H, H-4 GlcUAIV), 3.87 (dt, J5,6a� 1.8, J5,6b� 1.8 Hz,
1H, H-5 GlcV; dd, J4,5� 9.7 Hz, 1H, H-4 GlcI), 3.71 (d, 1 H, H-5 GlcIV), 3.67
(dd, J2,3� 3.7, J2,4� 0.5 Hz, 1 H, H-2 IdoUAII), 3.54 (dd, J3,4� 9.7 Hz, 1H,
H-3 GlcV), 3.51 (dd, J3,4� 9.1 Hz, 1 H, H-3 GlcUAIV), 3.33 (dd, J4,5�
10.1 Hz, 1H, H-4 GlcV), 3.30 (dd, J2,3� 10.0 Hz, 1 H, H-2 GlcV), 3.25 (dd,
J2,3� 9.4 Hz, 1H, H-2 GlcUAIV). ESI-MS: negative mode: monoisotopic
mass: 1724; calcd: 1725.17; found: 1725.13.


Methyl 2,3,6-tri-O-benzyl-4-O-(2,3-di-O-methyl-5-C-vinyl-b-d-glucopyra-
nosyl)-a-d-glucopyranoside (45): Methyl iodide (0.28 mL, 4.5 mmol) and
NaH (60 % dispersion in oil, 0.18 g, 4.5 mmol) were added at 0 8C to a
solution of compound 9 (1.6 g, 2.3 mmol) in dry THF (20 mL), and the
reaction mixture was stirred at room temperature for 1 h. After addition of
MeOH, the solvents were removed and the residue was partitioned
between water and ethyl acetate. The organic layer was dried (MgSO4) and
concentrated to give crude disaccharide 44 that was used without
purification. Acetic acid (80 % in water; 5 mL) was added, and the solution
was heated at 70 8C for 3 h. After evaporation the residue was purified by
column chromatography (ethyl acetate/cyclohexane 4:1) to give disacchar-
ide 45 (1.16 g, 75%) as a solid. M.p. 40 8C; [a]D�ÿ17 (c� 1.3 in
chloroform); 1H NMR (200 MHz, CDCl3): d� 7.40 ± 7.10 (m, 15 H, aro-
matic), 5.85 (dd, J8a,8b <1 Hz, 1H, H-8b GlcII), 5.80 (dd, J7,8a� 11.1, J7,8b�
19.9 Hz, 1H, H-7 GlcII), 5.05 (dd, 1H, H-8a GlcII), 4.95, 4.80 (2d, J�
11.7 Hz, 2H, CH2Ph), 4.73, 4.60 (2d, J� 11.7 Hz, 2 H, CH2Ph), 4.61 (d,
J1,2� 9.2 Hz, 1H, H-1 GlcII), 4.55 (d, J1,2� 3.7 Hz, 1H, H-1 GlcI), 4.50 (s,
2H, CH2Ph), 3.90 ± 3.45 (m, 7 H, H-2 GlcI, H-3 GlcI, H-4 GlcI, H-5 GlcI,
H-6a GlcI, H-6b GlcI, H-4 GlcII), 3.50, 3.42, 3.30 (3 s, 12H, 3 OMe), 3.28 (d,
J6a,6b� 11.8 Hz, 1 H, H-6b GlcII), 3.05 (d, 1H, H-6a GlcI), 3.00 (t, J2,3� J3,4�
9.5 Hz, 1H, H-3 GlcII), 2.85 (t, 1H, H-2 GlcII); CI-MS: m/z : 688 [M�NH4]� ;
elemental analysis calcd (%) for C38H48O11: C 67.04, H 7.11; found: C 67.13,
H 7.08.


Methyl 2,3,6-tri-O-benzyl-4-O-(2,3-di-O-methyl-5-C-ethyl-b-d-glucopyra-
nosyl)-a-d-glucopyranoside (46): A solution of disaccharide 45 (700 mg,
1.03 mmol) in ethyl acetate (50 mL) was stirred for 10 min under hydrogen
atmosphere (1.4 bar) in the presence of PtO2, filtered through Celite, and
concentrated to give compound 46 (700 mg, quantitative). [a]D�ÿ2 (c�
1.4 in chloroform); 1H NMR (250 MHz, CDCl3): d� 7.62 ± 7.40 (m, 15H,
aromatic), 5.20 (d, J� 11.7 Hz, 1 H, CH2Ph), 5.01 (d, J� 11.7 Hz, 1H,
CH2Ph), 5.00 (d, J� 12 Hz, 1 H, CH2Ph), 4.87 ± 4.78 (m, J1,2� 3.6 Hz, 4H,
H-1 GlcI, CH2Ph), 4.70 (d, J1,2� 7.9 Hz, 1 H, H-1 GlcII), 4.43 (d, J� 12 Hz,
1H, CH2Ph), 4.18 (dd, J5,6a� 2.8, J6a,6b� 10.8 Hz, 1H, H-6a GlcI), 4.04 ± 4.00
(m, 2H), 3.93 ± 3.45 (m, 7H), 3.83, 3.71, 3.58 (3 s, 3 H, 3OMe), 3.32 (dd,
J3,4� J2,3� 9 Hz, 1H, H-3 GlcII), 3.08 (dd, 1 H, H-2 GlcII), 2.82 (br s, 1H,
OH-4 GlcII), 1.64 (m, 2 H, CH2CH3), 0.95 (t, 3H, CH2CH3); CI-MS: 683
[M�H]� , 700 [M�NH4]� ; elemental analysis calcd (%) for C38H50O11: C
66.84, H 7.38; found: C 66.74, H 7.43.


Methyl 2,3,6-tri-O-benzyl-4-O-(benzyl 2,3-di-O-methyl-5-C-ethyl-b-d-glu-
copyranuronate)-a-d-glucopyranoside (47): A mixture of sat. aq. NaCl
(1.38 mL), sat. aq. NaHCO3 (0.72 mL) and aq. NaOCl (1.3m, 1.72 mL) was
added dropwise, at 0 8C, to a mixture of compound 46 (480 mg, 0.70 mmol),
dichloromethane (2 mL), 2,2,6,5-tetramethylpiperidinoxy radical (1.5 mg,
0.1 equiv), KBr (7.3 mg), Bu4NCl (9.6 mg), and sat. aq. NaHCO3 (1.3 mL).
The resulting mixture was stirred for 30 min at 0 8C. Bu4NCl (96 mg),
NaHCO3 (57 mg) and benzyl bromide (0.8 mL) were then introduced and
stirring was continued at RT for 45 min. After dilution with water and
dichloromethane the organic layer was dried (MgSO4) and concentrated.
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Column chromatography of the residue (hexane/ethyl acetate 65:35) gave
disaccharide 47 (415 mg, 75%). [a]D�ÿ7 (c� 0.7 in chloroform); 1H NMR
(400 MHz, CDCl3): d� 7.40 ± 7.20 (m, 20H, aromatic), 5.19 (d, J� 11.7 Hz,
1H, CH2Ph), 4.93 (s, 2H, CH2Ph), 4.79 (d, J� 12 Hz, 1 H, CH2Ph), 4.75 (d,
J� 11.8 Hz, 1H, CH2Ph), 4.68 ± 4.61 (m, 4H, H-1 GlcI, H-1 GlcUAII,
CH2Ph), 4.55 (d, J� 12 Hz, 1H, CH2Ph), 4.03 (dd, J5,6a� 2.8, J6a,6b�
10.9 Hz, 1H, H-6a GlcI), 3.95 (dd, J4,5� J3,4� 9.0 Hz, 1 H, H-4 GlcI), 3.91
(dd, J2,3� 9.0 Hz, 1 H, H-3 GlcI), 3.82 (dd, J4,OH� 2.2, J3,4� 9.3 Hz, 1 H, H-4
GlcUAII), 3.74 (ddd, J5,6b� 1.7 Hz, 1H, H-5 GlcI), 3.66 (s, 3H, OMe), 3.65
(dd, 1 H, H-6b GlcI), 3.56 (dd, J1,2� 3.7 Hz, 1 H, H-2 GlcI), 3.53 (s, 3H,
OMe), 3.39 (s, 3H, OMe), 3.20 (dd, J2,3� J3,4� 8.9 Hz, 1H, H-3 GlcUAII),
3.04 (dd, J1,2� 7.5 Hz, 1 H, H-2 GlcUAII), 2.99 (d, J� 1 Hz, OH), 2.02 (dq,
J� 7.2, J� 15.3 Hz, 1 H, CH2), 1.57 (dq, 1 H, CH2), 0.80 (t, 3H, Me); CI-MS:
804 [M�NH4]� ; elemental analysis calcd (%) for C45H54O12: C 68.68, H
6.91; found: C 68.67, H 6.99.


Methyl (6-O-benzyl-2,3,4-tri-O-methyl-a-d-glucopyranosyl)-(1! 4)-(ben-
zyl 5-C-ethyl-2,3-di-O-methyl-b-d-glucopyranuronate)-(1! 4)-2,3,6-tri-O-
benzyl a-d-glucopyranoside (49): A mixture of ethyl 6-O-benzyl-2,3,4-tri-
O-methyl-1-thio-b-d-glucopyranoside (48 ; 292 mg, 0.82 mmol), disacchar-
ide 47 (323 mg, 0.41 mmol), and finely grounded 4 � molecular sieves
(700 mg) in dichloromethane/diethyl ether (3:2, 10 mL) was stirred under
argon for 30 min at room temperature. N-iodosuccinimide (424 mg,
1.89 mmol) was added and, after cooling to ÿ40 8C, trifluoromethanesul-
fonic acid (25 mL, 0.28 mmol) was introduced. After stirring for 30 min, the
reaction was complete (TLC: toluene/diethyl ether 1:1). After neutraliza-
tion by addition of triethylamine, the mixture was filtered (Celite), the
solution was diluted with dichloromethane, washed with aq. Na2S2O3,
water, dried (MgSO4) and concentrated. Column chromatography (ethyl
acetate/hexane 3:7) gave trisaccharide 49 (319 mg, 72%) and the b anomer
(67 mg, 15%). 49 : [a]D��33 (c� 1.0 in chloroform); 1H NMR (400 MHz,
CDCl3): d� 7.40 ± 7.20 (m, 25H, aromatic), 5.27 (d, J1,2� 3.7 Hz, 1H, H-1
GlcIII), 5.15 (d, J� 11.8 Hz, 1H, CH2Ph), 4.97 (d, J� 12.5 Hz, 1H, CH2Ph),
4.64 ± 4.57 (m, 6H, CH2Ph, H-1 GlcI, H-1 GlcUAII), 4.46 (d, J� 12.4 Hz,
1H, CH2Ph), 4.44 (d, J� 12.2 Hz, 1H, CH2Ph), 4.05 (d, J� 8.2 Hz, 1 H, H-4
GlcUAII), 4.00 (dd, J6a,6b� 11.1, J5,6a� 3.3 Hz, 1H, H-6a GlcI), 3.92 ± 3.84
(m, 2 H, H-3,4 GlcI), 3.75 ± 3.32 (m, 10 H), 3.64, 3.59, 3.53, 3.52, 3.48, 3.39
(6s, 18H, 6 MeO), 3.16 (dd, J2,3� 9.7 Hz, 1H, H-2 GlcIII), 3.11 (dd, J1,2�
J2,3� 8 Hz, 1H, H-2 GlcUAII), 2.12 (dq, J� 7.2, J� 15.3 Hz, 1H, CH2CH3),
1.62 (dq, 1H, CH2CH3), 0.95 (t, 3 H, CH2CH3); CI-MS: 1098 [M�NH4]� ;
elemental analysis calcd (%) for C61H76O17: C 67.78, H 7.08; found: C 67.80,
H 7.15.


(6-O-Acetyl-2,3,4-tri-O-methyl-a-d-glucopyranosyl)-(1! 4)-(benzyl 5-C-
ethyl-2,3-di-O-methyl-b-d-glucopyranosyluronate)-(1! 4)-1,3,6-tri-O-
acetyl-2-O-benzyl-a,b-d-glucopyranose (50): A 5 % solution of sulfuric
acid in acetic acid (0.272 mL) was added at 0 8C to a solution of
trisaccharide 49 (494 mg, 0.453 mmol) in acetic anhydride (40 mL). After
stirring for 2 h at 0 8C the mixture was poured dropwise into an aq.
saturated solution of NaHCO3. The product was extracted with dichloro-
methane, washed with water, dried (MgSO4) and concentrated. Column
chromatography (hexane/acetone 7:3) gave trisaccharide 50 (a/b 6:1;
322 mg, 73%). [a]D��33 (c� 1.0 in chloroform); 50 a : 1H NMR
(400 MHz, CDCl3): d� 7.40 ± 7.25 (m, 10H, aromatic), 6.33 (d, J1,2�
3.7 Hz, 1 H, H-1 GlcI), 5.46 (dd, J2,3� J3,4� 9.7 Hz, 1 H, H-3 GlcI), 5.26 (d,
J� 12.5 Hz, 1 H, CH2Ph), 5.23 (d, J1,2� 3.7 Hz, 1 H, H-1 GlcIII), 5.06 (d, J�
12.5 Hz, 1H, CH2Ph), 4.65 (d, J� 12.3 Hz, 1 H, CH2Ph), 4.54 (dd, J6a,6b�
12.2, J5,6a� 2.7Hz, 1 H, H-6a GlcI), 4.52 (d, J� 12.5 Hz, 1 H, CH2Ph), 4.48
(d, J3,4� 8.0 Hz, 1H, H-4 GlcUAII), 4.33 (dd, J5,6b� 4.1 Hz, 1 H, H-6b GlcI),
4.29 ± 4.26 (m, 2 H, H-6a, 6b GlcIII), 4.05 (d, J1,2� 7.5 Hz, 1H, H-1 GlcUAII),
4.02 (m, 1 H, H-5 GlcI), 3.75 ± 3.38 (m, 5 H), 3.63, 3.54, 3.51, 3.49 (4s, 15H,
5MeO), 3.15 ± 3.05 (m, 3H), 2.18, 2.11, 2.10, 1.91 (4 s, 12H, 4 Ac), 2.10 (m,
1H, CH2CH3), 1.82 (m, 1H, CH2CH3), 1.02 (t, 3 H, CH2CH3); selected data
for 50 b : d� 5.65 (d, J1,2� 8.0 Hz, 1 H, H-1 b GlcI); CI-MS: 982 [M�NH4]� ;
elemental analysis calcd (%) for C47H64O21: C 58.49, H 6.68; found: C 58.58,
H 6.68.


(6-O-Acetyl-2,3,4-tri-O-methyl-a-d-glucopyranosyl)-(1! 4)-(benzyl 5-C-
ethyl-2,3-di-O-methyl-b-d-glucopyranosyluronate)-(1! 4)-3,6-di-O-ace-
tyl-2-O-benzyl-a,b-d-glucopyranose (51): Hydrazine acetate (73 mg,
0.8 mmol) was added to a solution of compound 50 (300 mg, 0.310 mmol)
in DMF (22 mL). After stirring for 1 h at room temperature ethyl acetate
was added. The solution was washed with water, dried (MgSO4) and
concentrated. Column chromatography (hexane/acetone 65:35) gave


trisaccharide 51 (256 mg, 90 %). [a]D��33 (c� 1.0 in chloroform);
1H NMR (400 MHz, CDCl3): d� 5.45 (dd, J2,3� J3,4� 9.4 Hz, H-3a GlcI),
5.21 (dd, J2,3� J3,4� 9.4 Hz, H-3bGlcI), 5.28 ± 5.22 (m, CH2Ph, H-1a GlcI,
H-1 GlcIII), 5.05 (d, J� 12.5 Hz, CH2Ph), 5.03 (d, J� 12.4 Hz, CH2Ph), 4.87
(d, J� 11.8 Hz, CH2Ph), 4.81 (dd, J1,2� 7.5, J1,OH� 4.4 Hz, H-1bGlcI), 4.70,
4.60, 4.33, 4.24 (4dd, H-6a a/b, H-6b a/b GlcI), 4.50, 4.47 (2d, J3,4� 8.0 Hz,
H-4 GlcUAII), 4.18 (ddd, H-5bGlcI), 4.07, 4.05 (2d, J1,2� 7.5 Hz, H-1
GlcUAII), 3.86 (br d, OHbGlcI), 3.62, 3.53, 3.50, 3.49, 3.48, 3.46 (6s, 18H,
6MeO), 2.11, 2.09, 2.08, 1.90, 1.85 (5s, AcO a and b), 1.04 ± 0.95 (m,
CH2CH3); elemental analysis calcd (%) for C45H62O20: C 58.56, H 6.77;
found: C 58.55, H 6.79.


(6-O-Acetyl-2,3,4-tri-O-methyl-a-d-glucopyranosyl)-(1! 4)-(benzyl 5-C-
ethyl-2,3-di-O-methyl-b-d-glucopyranosyluronate)-(1! 4)-1-trichloroace-
timidoyl-3,6-di-O-acetyl-2-O-benzyl-a,b-d-glucopyranose (52): A mixture
of compound 51 (75 mg, 0.091 mmol), trichloroacetonitrile (0.456 mL,
4.55 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (10 mL, 0.07 mmol) in
dichloromethane (5 mL) was stirred at room temperature for 30 min. After
concentration, column chromatography (hexane/acetone 65:35) gave
compound 52 (76 mg, 87 %). This compound was directly used in the next
reaction.


Pentasaccharide 54 : To a mixture of imidate 52 (75 mg, 0.07 mmol),
disaccharide 53 (90 mg, 0.105 mmol), and finely grounded 4 � molecular
sieves (200 mg) in dichloromethane (2.5 mL) was added, at ÿ20 8C, a
dichloromethane solution of trimethylsilyl trifluoromethanesulfonate
(0.05m, 0.4 mL). After 30 min under stirring, triethylamine was introduced
until neutralisation. After filtration and concentration, the residue was
purified first using a Sephadex LH 20 gel column (dichloromethane/
ethanol 1:1), then over silica gel (hexane/acetone 75:20, then 70:30) to yield
pentasaccharide 54 (90 mg, 76%). [a]D��53 (c� 1 in dichloromethane);
1H NMR (500 MHz, CDCl3): d� 5.37 (dd, 1H, H-3 GlcIII), 5.30 (d, J1,2�
6.9 Hz, 1 H, H-1 IdoUAII), 5.20 (d, J1,2� 3.6 Hz, 1H, H-1 GlcV), 5.19 (d,
J1,2� 3.6 Hz, 1 H, H-1 GlcIII), 4.56 (d, J1,2� 3.7 Hz, 1H, H-1 GlcI), 4.46 (dd,
1H, H-6a GlcIII), 4.43 (dd, 1H, H-4 IdoUAII), 4.30 (d, J1,2� 8.0 Hz, 1H, H-1
GlcUAIV), 4.25 (m, 2H, H-6a GlcV, H-6b GlcIII), 4.22 (dd, 1H, H-6b GlcV),
3.99 (m, 2H, H-4 GlcUAIV, H-5 GlcIII), 3.86 (dd, 1 H, H-2 GlcI), 3.82 (dd,
1H, H-4 GlcI), 3.81 (dd, 1 H, H-3 GlcI), 3.75 (dd, 1H, H-6a GlcI), 3.69 (m,
2H, H-5, H-6b GlcI), 3.66 (dd, 1H, H-3 IdoUAII), 3.59 (ddd, 1H, H-5 GlcV),
3.54 (dd, 1 H, H-4 GlcIII), 3.44 (dd, 1H, H-2 GlcIII), 3.35 (dd, 1 H, H-3 GlcV),
3.32 (dd, 1H, H-3 GlcUAIV), 3.06 (m, 2H, H-2, H-4 GlcV), 2.92 (dd, 1H,
H-2 IdoUAII), 2.88 (dd, 1 H, H-2 GlcUAIV); FAB-MS, positive mode:
monoisotopic mass: 1662.70; calcd: 1663.82; found: 1662.9; rlemental
analysis calcd (%) for C88H110O31: C 63.52, H 6.66; found: C 64.41, H 7.02.


Pentasaccharide 55 : A solution of pentasaccharide 54 (42 mg, 0.025 mmol)
in acetic acid (2 mL) was stirred under H2 in the presence of 5% Pd/C
(84 mg, 20 bar) for 12 h at 50 8C. The mixture was then filtered (Celite),
concentrated, and codistilled with water (5� 5 mL). The residue was
dissolved in methanol (0.9 mL) and aq. NaOH was added (final concen-
tration: 1m). After 12 h of stirring, the solution was loaded on top of a
Sephadex G25F column (170 mL) equilibrated with water. The fractions
containing the compound were collected, passed through a Dowex H� resin
column, and concentrated to give pentasaccharide 55 (22.0 mg, 87 % from
pentasaccharide 54).
2S0 Pentasaccharide 56 : A solution of pentasaccharide 55 (22.0 mg,
22.0 mmol) and Et3N ´ SO3 (139.6 mg, 0.77 mmol) in DMF (2.0 mL) was
heated at 55 8C with protection from light for 20 h. After cooling to room
temperature, the solution was diluted with aq. 0.2m NaCl, and layered on
top of a Sephadex G25F gel column (650 mL) equilibrated in aq. 0.2m
NaCl. The fractions containing the pentasaccharide were pooled together
and the compound was desalted using a Sephadex G25F gel column
(650 mL) equilibrated in water. After freeze-drying, pentasaccharide 56
(35.0 mg, 90 %) was obtained: [a]D��43 (c� 1 in water); 1H NMR
(500 MHz, D2O): d� 5.42 (d, J1,2� 3.8 Hz, 1 H, H-1 GlcV), 5.40 (d, J1,2�
3.7 Hz, 1 H, H-1 GlcIII), 5.14 (d, J1,2� 3.7 Hz, 1H, H-1 GlcI), 5.06 (d, J1,2�
2.8 Hz, 1H, H-1 IdoUAII), 4.76 (d, 1 H, H-5 IdoUAII), 4.67 (d, J1,2� 8.1 Hz,
1H, H-1 GlcUAIV), 4.66 (dd, J3,4� 9.7 Hz, 1 H, H-3 GlcI), 4.58 (dd, J5,6b�
2.1 Hz, 1 H, H-6a GlcIII), 4.51 (dd, J3,4� 9.4 Hz, 1 H, H-3 GlcIII), 4.35 (dd,
J2,3� 9.8 Hz, 1H, H-2 GlcI), 4.38 (dd, J5,6b� 4.9 Hz, 1 H, H-6a GlcI), 4.29
(dd, J2,3� 10.0 Hz, 1H, H-2 GlcIII), 4.27 (dd, J6a,6b� 11.2 Hz, 1H, H-6b
GlcIII), 4.26 (m, J5,6b� 1.9 Hz, H-6a GlcV, J6a,6b� 11.4 Hz, 2H, H-6b GlcI),
4.20 (ddd, J5,6a� 1.4 Hz, 1H, H-5 GlcIII), 4.19 (dd, J4,5� 2.6 Hz, 1 H, H-4
IdoUAII), 4.13 (dd, J6a,6b� 11.2 Hz, 1H, H-6b GlcV), 4.09 (ddd, J5,6a�
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2.2 Hz, 1H, H-5 GlcI), 4.02 (ddd, J5,6a� 1.6 Hz, 1H, H-5 GlcV), 3.97 (d, 1H,
H-4 GlcUAIV), 3.95 (dd, J4,5� 9.2 Hz, 1 H, H-4 GlcI), 3.80 (dd, J4,5� 9.9 Hz,
1H, H-4 GlcIII), 3.77 (dd, J3,4� 3.5 Hz, 1H, H-3 IdoUAII), 3.60 (dd, J3,4�
9.2 Hz, 1H, H-3 GlcUAIV), 3.52 (dd, J3,4� 9.6 Hz, 1 H, H-3 GlcV), 3.49 (dd,
J2,3� 5.3 Hz, 1 H, H-2 IdoUAII), 3.30 (dd, J4,5� 9.9 Hz, 1H, H-4 GlcV), 3.27
(dd, J2,3� 10.0 Hz, 1H, H-2 GlcV), 3.26 (dd, J2,3� 9.3 Hz, 1H, H-2
GlcUAIV); ESI-MS, negative mode: monoisotopic mass: 1753.9, average
mass: 1755.2, found: 1755.3�0.1.


Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,6-tri-O-methyl-5-C-vinyl-b-d-glucopyr-
anosyl)-a-d-glucopyranoside (57): Dibutyltin oxide (0.44 g, 1.76 mmol) was
added to a solution of disaccharide 45 (1.0 g, 1.47 mmol) in toluene
(15 mL). After heating under reflux conditions with azeotropic removal of
water for 3 h, toluene was removed and the residue was taken in dry DMF
(10 mL). Methyl iodide (0.11 mL, 1.76 mmol) was added to the solution and
after stirring at 50 8C for 6 h, the reaction mixture was partitioned between
water and diethyl ether. The organic layer was dried (MgSO4), concen-
trated, and the residue was purified by column chromatography (ethyl
acetate/cyclohexane 1:1) to give disaccharide 57 (0.663 g, 65 %) as a syrup.
[a]D�ÿ13 (c� 0.6 in chloroform); 1H NMR (250 MHz, CDCl3): d� 7.25
(m, 15 H, aromatic), 5.93 (dd, J7,8b� 17.9, J7,8b� 11.1 Hz, 1 H, H-7 GlcII), 5.45
(dd, J8a,8b <1 Hz, 1 H, H-8b GlcII), 5.10 (dd, 1H, H-8a GlcII), 5.07, 4.70 (2d,
J� 11.6 Hz, 2 H, CH2Ph), 4.70, 4.56 (2d, J� 11.6 Hz, 2H, CH2Ph), 4.58 (d,
J1,2� 7.2 Hz, 1H, H-1 GlcII), 4.55 (d, J1,2� 3.9 Hz, 1 H, H-1 GlcI), 4.48 (s, 2H,
CH2Ph), 3.85 (dd, J5,6b� 7.8, J6a,6b� 10.9 Hz, 1 H, H-6b GlcI), 3.80 ± 3.60 (m,
4H, H-3 GlcI, H-4 GlcI, H-5 GlcI, H-6a GlcI), 3.62 (d, J3,4� 9.5 Hz, 1 H, H-4
GlcII), 3.58 (s, 3H, OMe), 3.45, 3.30, 3.08 (3 s, 9H, 3 OMe), 3.48 (dd, J2,3�
9.2 Hz, 1 H, H-2 GlcI), 3.12 ± 2.91 (m, 4H, H-2 GlcII, H-3 GlcII, H-6a GlcII,
H-6b GlcII); CI-MS: 712 [M�NH4


�].


Methyl 2,3,6-tri-O-benzyl-4-O-(benzyl 2,3-di-O-methyl-5-C-methoxymeth-
yl-a-l-idopyranosyluronate)-a-d-glucopyranoside (58): Ozone was bub-
bled into a cooled (ÿ78 8C) and stirred solution of disaccharide 57 (0.60 g,
0.87 mmol) in dichloromethane (12 mL) until the solution turned pale blue
(about 1 min). Dimethylsulfide was then introduced, the reaction mixture
was washed with water, and the organic layer was dried (MgSO4) and
concentrated. tert-Butanol (36 mL), 2-methyl-2-butene (14 mL) and water
(36 mL) were added to the crude aldehyde thus obtained, followed by
NaH2PO4 (1.5 g) and NaClO2 (1.5 g). After vigorous stirring for one night
at room temperature the mixture was partitioned between water and ethyl
acetate, the organic layer was dried (MgSO4), concentrated, and the crude
acid was used as such in the next step. It was dissolved in dry DMF (60 mL),
and tetrabutylammonium iodide (1.7 g, 4.58 mmol), potassium bicarbonate
(0.5 g, 5.44 mmol) and benzyl bromide (0.54 mL, 4.58 mmol) were added.
After stirring at room temperature for 6 h, the product was extracted with
diethyl ether, dried (MgSO4), concentrated, and purified by column
chromatography (ethyl acetate/cyclohexane 2:1). The ester 58 was thus
obtained (0.534 g, 77%) as a syrup. [a]D�ÿ17 (c� 0.3 in chloroform);
1H NMR (400 MHz, CDCl3): d� 7.30 (m, 20H, aromatic), 5.08, 4.81 (2d,
J� 12.3 Hz, 2 H, CH2Ph), 5.02, 4.77 (2 d, J� 11.6 Hz, 2H, CH2Ph), 4.77, 4.63
(2d, J� 11.6 Hz, 2H, CH2Ph), 4.71 (d, J1,2� 8.1 Hz, 1 H, H-1 IdoUAII), 4.64
(d, J1,2� 3.2 Hz, 1 H, H-1 GlcI), 4.61, 4.57 (2d, J� 11.8 Hz, 2 H, CH2Ph),
3.90 ± 3.70 (m, 6 H, H-3 GlcI, H-4 GlcI, H-5 GlcI, H-6a GlcI, H-6b GlcI, H-4
IdoUAII), 3.68, 3.54, 3.42, 3.10 (4s, 12H, 4 OMe), 3.50 ± 3.40 (m, 4H, H-2
GlcI, H-3 IdoUAII, H-6a IdoUAII, H-6b IdoUAII), 3.00 (t, J2,3� 8.1 Hz, 1H,
H-2 IdoUAII); CI-MS: 820 [M�NH4]� .


Pentasaccharide 59 : A solution of trimethylsilyl trifluoromethanesulfonate
(0.05m, 0.65 mL) in dichloromethane (0.65 mL) was added at ÿ20 8C to a
mixture of imidate 52 (120 mg, 0.112 mmol), disaccharide 58 (140 mg,
0.168 mmol), and finely grounded 4 � molecular sieves (300 mg) in
dichloromethane (5 mL). After 30 min under stirring, triethylamine was
added until neutralisation. After filtration and concentration, the residue
was purified first using a Sephadex LH 20 gel column (dichloromethane/
ethanol 1:1), then over silica gel (hexane/acetone 65:35) to yield compound
59 (136 mg, 71%). [a]D��63 (c� 0.88 in dichloromethane); 1H NMR
(500 MHz, CDCl3): d� 5.43 (dd, H-3 GlcIII), 5.25 (d, J1,2� 3.8 Hz, H-1
GlcIII), 5.19 (d, J1,2� 3.8 Hz, H-1 GlcV), 5.07 (d, J1,2� 7.9 Hz, H-1 IdoUAII),
4.59 (d, J1,2� 3.8 Hz, H-1 GlcI), 4.49 (dd, H-6a GlcIII), 4.37 (d, J1,2� 7.6 Hz,
H-1 GlcUAIV), 4.24 (m, 2 H, H-6a, H-6b GlcV), 4.22 (dd, H-6b GlcIII), 4.05
(d, H-4 IdoUAII), 4.03 (d, H-4 GlcUAIV), 3.97 (ddd, H-5 GlcIII), 3.86 (ddd,
H-5 GlcI), 3.79 (m, 2H, H-3, H-6a GlcI), 3.71 (dd, H-6b GlcI), 3.69 (dd, H-3
IdoUAII), 3.60 (ddd, H-5 GlcV), 3.55 (dd, H-4 GlcIII), 3.43 (m, 2H, H-2 GlcI,
GlcIII), 3.42 (dd, H-4 GlcI), 3.37 (dd, H-3 GlcV), 3.36 (dd, H-3 GlcUAIV),


3.07 (m, 2H, H-2, H-4 GlcV), 3.02 (dd, H-2 GlcUAIV), 2.96 (dd, H-2
IdoUAII); FAB-MS, positive mode: monoisotopic mass: 1706.73; calcd:
1707.89; found: 1707.6; elemental analysis calcd (%) for C90H114O32: C
63.29, H 6.73; found: C 63.25, H 6.76.


Pentasaccharide 60 : A solution of pentasaccharide 59 (37 mg, 21.7 mmol) in
acetic acid (2 mL) was stirred under H2 in the presence of 5 % Pd/C (74 mg,
20 bar) for 12 h at 50 8C. The mixture was then filtered (Celite),
concentrated, and codistilled with water (5� 5 mL). The residue was
dissolved in methanol (0.8 mL), and aq. NaOH was added (final concen-
tration: 1m). After 12 h of stirring, the solution was loaded on top of a
Sephadex G25F column (170 mL) equilibrated with water. The fractions
containing the compound were collected, passed through a Dowex H� resin
column, and concentrated to give pentasaccharide 60 (19.5 mg, 87 % from
pentasaccharide 59): ESI-MS, negative mode: monoisotopic mass: 1040.41;
calcd: 1041.41; found: 1041.0.
4C1 Pentasaccharide 61: A solution of compound 60 (19.5 mg, 18.7 mmol)
and Et3N ´ SO3 (94 mg, 0.52 mmol) in DMF (1.4 mL) was heated at 55 8C
with protection from light for 20 h. After cooling to room temperature, the
solution was diluted with aq. 0.2m NaCl, and layered on top of a Sephadex
G25F gel column (170 mL) equilibrated in aq. 0.2m NaCl. The fractions
containing the pentasaccharide were pooled together and the compound
was desalted using a Sephadex G25F gel column (170 mL) equilibrated in
water. After freeze-drying, pentasaccharide 61 (30.5 mg, 90 %) was
obtained. [a]D��41 (c� 0.9 in water); 1H NMR (500 MHz, D2O): d�
5.53 (d, J1,2� 3.4 Hz, 1H, H-1 GlcIII), 5.42 (d, J1,2� 3.9 Hz, 1H, H-1 GlcV),
5.15 (d, J1,2� 3.7 Hz, 1H, H-1 GlcI), 4.93 (d, J1,2� 7.8 Hz, 1 H, H-1 IdoUAII),
4.67 (dd, J3,4� 8.3 Hz, 1 H, H-3 GlcIII), 4.66 (d, J1,2� 8.1 Hz, 1H, H-1
GlcUAIV), 4.61 (dd, J3,4� 8.7 Hz, 1H, H-3 GlcI), 4.58 (dd, J5,6b� 1.9 Hz, 1H,
H-6a GlcIII), 4.55 (dd, J5,6b� 8.3 Hz, 1 H, H-6a GlcI), 4.43 (dd, J2,3� 9.3 Hz,
1H, H-2 GlcI), 4.33 (dd, J2,3� 8.7 Hz, 1 H, H-2 GlcIII), 4.27 (m, 2H, J5,6b�
1.9 Hz, H-6a GlcV, J6a,6b� 11.2 Hz, H-6b GlcIII), 4.23 (dd, J6a,6b� 11.0 Hz,
1H, H-6b GlcI), 4.15 (ddd, J5,6a� 1.9 Hz, 1H, H-5 GlcIII), 4.14 (dd, J6a,6b�
11.2 Hz, 1H, H-6b GlcV), 4.13 (ddd, J5,6a� 2.2 Hz, 1H, H-5 GlcI), 4.03 (dd,
J3,4� 9.5 Hz, 1H, H-3 IdoUAII), 4.02 (ddd, J5,6a� 1.9 Hz, 1 H, H-5 GlcV),
3.98 (m, 2 H, H-4 IdoUAII, H-4 GlcUAIV), 3.86 (dd, J4,5� 9.4 Hz, 1H, H-4
GlcIII), 3.83 (dd, J4,5� 9.5 Hz, 1H, H-4 GlcI), 3.60 (dd, J3,4� 9.2 Hz, 1H, H-3
GlcUAIV), 3.53 (dd, J3,4� 9.4 Hz, H1H, -3 GlcV), 3.36 (dd, J4,5� 10.0 Hz,
1H, H-4 GlcV), 3.28 (m, J2,3� 9.3 Hz, 2 H, H-2 GlcUAIV, J2,3� 9.9 Hz, H-2
GlcV), 3.19 (dd, J2,3� 9.0 Hz, 1H, H-2 IdoUAII); ESI-MS (negative mode):
monoisotopic mass: 1797.95; calcd: 1799.30; found: 1799.0.
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Conventional and Gemini Surfactants Embedded within Bilayer Membranes:
Contrasting Behavior
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Abstract: Laser microelectrophoresis
(coupled with conductance, fluores-
cence, and dynamic light scattering) is
shown to be a highly instructive tool in
comparing the dynamics of conventional
and gemini surfactants embedded within
vesicle bilayers. The following can be
listed among the more important obser-
vations and conclusions: a) Cationic
conventional surfactant, added to a
ªsolidº (gel) lipid vesicle containing an
anionic phospholipid, charge-neutraliz-
es only half the anionic charge. With a
ªliquidº (liquid crystalline) vesicle, how-
ever, the entire negative charge is neu-
tralized. Thus, the cationic conventional
surfactant can ªflip-flopº readily only in
the liquid membrane. b) A cationic
gemini surfactant charge-neutralizes on-
ly the anionic lipid in the outer mem-


brane leaflet of either solid or liquid
membranes, thus indicating an inability
to flip-flop regardless of the phase-state
of the bilayer. c) Mixed population ex-
periments show that surfactants can hop
from one vesicle to another in liquid but
not solid membranes. d) In liquid, but
not solid, bilayers, a surface-adsorbed
cationic polymer can electrostatically
ªdragº anionic surfactant from the inner
leaflet to the outer leaflet where the
polymer resides. e) Peripheral fluores-
cence quenching experiments show that
a cationic polymer, adhered to anionic
vesicles, can be forced to dissociate in


the presence of high concentrations of
salt or an anionic polymer. f) Adsorbed
polymer, of opposite charge to that
imparted to vesicles by a gemini surfac-
tant, is unable to dislocate surfactant
even in a liquid membrane. g) In our
systems, ionic polymers will not bind to
neutral vesicles made solely of zwitter-
ionic phospholipid. On the other hand,
ionic polymers bind to neutral vesicles if
charge neutrality is obtained by virtue of
the membrane containing equimolar
amounts of cationic and anionic surfac-
tant. This is attributable to surfactant
segregation within the bilayer. h) Ex-
periments prove that polymer migration
can occur among a population of neutral
ternary vesicles.


Keywords: gemini ´ laser microelec-
trophoresis ´ membranes ´ polyelec-
trolytes ´ vesicles


Introduction


Bilayer vesicles (hollow spheres composed of native or
synthetic lipids) have potential use in drug targeting,[1±4]


genetic transformation of cells,[5±9] cancer chemotherapy,[10±15]


and in antibacterial and antiviral regimens.[16±20] Efficiency of
vesicular preparations depends upon, among other parame-
ters, the clearance rate of the vesicles from the bloodstream.
The rates, in turn, are governed by the vesicle size and surface
charge. Thus, it was shown that large vesicles clear faster than
small ones,[10, 21] and that hepatic uptake occurs more readily
with negative vesicles than with positive or neutral struc-
tures.[22, 23] Having been impressed by the medical relevance of
vesicles, and having had past experience not only with
vesicles[24] but with surfactants[25] and polyelectrolytes,[26] we
decided to investigate the effect of these latter materials on
the size, charge, and dynamics of vesicular systems. The hope
was to acquire basic information on how lipid, surfactant, and
polymer interact with each other at the molecular level and,
thereby, to control critical physical/chemical/biological prop-
erties of the vesicles.


Various preparative methods have been developed that
allow vesicle size to be varied from ªsmallº (20 ± 100 nm) to
ªlargeº (100 ± 200 nm) to ªgiantº (5 ± 100 mm).[27] For exam-
ple, sonication of phospholipid films usually gives small
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vesicles, whereas so-called ªelectroformationº is the method
of choice for giant vesicles.[28] With regard to imparting a
desirable charge on vesicles, two main approaches have been
taken in the past. The first consists of incorporating charged
additives into bilayer membranes composed of neutral
phospholipids.[27] The second consists of coating a vesicle
surface with a charged macromolecule.[29±40] Both of these
approaches, individually and simultaneously, were adopted in
the present manuscript.


Scheme 1 shows the structures and corresponding acronyms
of the main players in the story about to unfold. Since we will
always refer to compounds via their acronyms, it might be
necessary to periodically consult the Scheme. The following
remarks should be helpful by way of introducing our
compounds:
1) Dipalmitoylphosphatidylcholine (DPPC), egg lecithin


(EL), and cardiolipin(CL2ÿ) are the lipids from which we
constructed the vesicles. DPPC is neutral, while CL2ÿ has
two anionic charges. At 20 8C, where all the experiments
were performed, DPPC is in the ªsolidº (or gel) state,
whereas EL is in the more disordered ªliquidº (or liquid
crystalline) state. These distinctions are important as they
provided an avenue for manipulating the charge and
phase-state of the vesicular membranes.


2) Conventional surfactants, incorporated into the mem-
branes at levels of 10 ± 20 mol %, included 1-cetylpyridi-
nium bromide (CPB�), cetyltrimethylammonium bromide
(CTAB�), and sodium dodecyl sulfate (SDSÿ). Since


electrical charge imparted to the vesicles by the surfactants
was a key element of our work, and we have included the
surfactant charge as a superscript of the acronym.


3) Two-tailed gemini surfactants of opposite charge (GS-12�


and GS-22ÿ) were also added to the bilayer systems.
Gemini surfactants have recently drawn worldwide atten-
tion owing to their unique colloidal properties (e.g.
unusually high surface activity, ability to transport DNA,
and capacity to induce porosity in solids).[41]


4) Finally, a cationic and an anionic polymer were used to
coat the membranes: N-ethyl-4-vinylpyridinium/4-vinyl-
pyridine (93/7) with a 1100 degree of polymerization
(PEVP) and polyacrylic acid with a 70 degree of polymer-
ization (PAA).


With the above materials in hand, we were able to ask a
variety of intriguing questions such as: Do surfactant mole-
cules, present in both leaflets of a vesicular bilayer, redis-
tribute themselves when a polymer of opposite charge binds
to the outer surface of the vesicle? How do the dynamics of
membrane-bound conventional and gemini surfactants com-
pare? If a polymer-induced inner-to-outer surfactant migra-
tion occurs, how does this phenomenon depend upon the
phase-state of the membrane? Can a polymer adsorbed onto a
surfactant-modified vesicular surface migrate among vesicles,


Abstract in Russian:


Scheme 1. Substances and corresponding acronyms.
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and does the polymer stabilize vesicles against aggregation?
These and other questions are addressed herein.


Our chief means on investigation involved the powerful
electrophoretic mobility (EPM) method.[42] Thus, vesicles and
their complexes with ionic surfactants and polymers were
subjected to laser microelectrophoresis in a thermostated cell.
A known field was applied while the sample was illuminated
by cross-focused He/Ne laser beams. Vesicles moving through
the cell scattered light, the intensity of which fluctuated (due
to the Doppler effect) with a frequency proportional to the
velocity of the particles. The velocity, derived from the
measured frequency, was expressed as ªEPM unitsº after
dividing the velocity by the applied field. Although the EPM
values varied from ÿ4 to �4 (depending upon the sign and
magnitude of the vesicular charge), by far the most important
situation existed when the EPM� 0, that is when the vesicles
had zero charge and did not migrate in the applied field. The
EPM� 0 state told us exactly when the ionic surfactant and
polymeric additives were charge-neutralizing each other at
the outer surface of the vesicles. As will be shown, this is very
useful information.


We must admit to a certain ªmulticomponentº complexity
in our experiments. This, of course, will be an on-going trend
as colloid chemists move ever closer to modeling (and perhaps
ultimately absorbing!) biology. The hope is, however, to
portray here the experiments in as simple and palatable
manner as possible.


Results and Discussion


Aside from a few conductance, dynamic light scattering, and
fluorescence experiments, we confined ourselves to the laser
microelectrophoresis method. It is, therefore, worthwhile to
explain certain details about the method as applied to our
systems. Consider a vesicle which is, for example, negatively
charged owing to the presence of anionic lipid. Now anionic
lipid within the inner leaflet is charge-neutralized by an
equivalent amount of counterion (bound or otherwise). Since
counterion in the vesicular ªwater poolº cannot escape when
the vesicle migrates in an applied field, the inner leaflet plays
no role in the mobility measurements. This is not true for the
outer leaflet with its ªlooseº counterions which are free to
migrate oppositely to the vesicle itself. If, however, a cationic
polymer sticks to the anionic vesicle, the vesicle will cease to
migrate only when there is a precise charge-neutralization.
Thus a plot of electrophoretic mobility (EPM) versus polymer
concentration (using a polymer of known charge density)
reveals, at zero mobility, the anionic charge-content of the
outer leaflet. This is a highly useful piece of information. We
can tell, for example, if anionic lipid originally in the inner
leaflet remains at that site, or whether it flip-flops to the outer
leaflet under the influence of a cationic polymer.


As will be seen, we keep things simple and reliable by
utilizing only the ªzero-charge/zero-mobilityº point on our
plots. Other points on the plots are far more difficult to
interpret because mobility of a charged particle in an
electrical field is a complex function of many variables in
addition to charge (including size and surface roughness as


influenced by an adsorbed polymer). Thus, we were content to
define a single but critically important property of vesicles:
the electrical charge on their outer surface. Other methods
that are commonly applied to vesicles (TEM, DSC, etc.) do
not yield such information, explaining why we are enthusiastic
proponents of EPM.


In order to organize our data and facilitate its assimilation,
we have categorized the experiments into three groups of
increasing complexity: 1) vesicle/surfactant systems; 2) poly-
ion-coated binary vesicles which had been electrically charged
with a cationic or anionic surfactant; 3) polyion-coated
ternary vesicles that were electrically neutral by virtue of
containing equimolar amounts of cationic and anionic surfac-
tant. And, as the title of the paper indicates, attention was
given throughout the study to behavioral differences between
conventional and gemini surfactants absorbed within the
membranes.


Recall that we are dealing here with ªsmallº unilamellar
vesicles in the 50 ± 70 nm size range formed by sonication of
solid DPPC or liquid EL lipids.


Vesicle/Surfactant systems


Conventional surfactants : Electrophoretic mobility, deter-
mined by the laser microelectrophoresis method, is a useful
parameter in that it reveals the degree of charge neutraliza-
tion within a membrane. Zero mobility, for example, indicates
total charge neutralization. In Figure 1 (curves 1 and 2),
negative surfactant SDSÿ was added in various ratios to a
constant level (0.07 mm) of negative lipid CL2ÿ incorporated


Figure 1. EPM of vesicles in the presence of conventional surfactants.
DPPC/CL2ÿ vesicles � SDSÿ (1); EL/CL2ÿ vesicles � SDSÿ (2); DPPC/
CL2ÿ vesicles � CPB� (3) and EL/CL2ÿ vesicles � CPB� (4). CL2ÿ


headgroup concentration: 2[CL2ÿ]� 1.4� 10ÿ4m.


within the membrane. The ªstructural lipidº (i.e., the main
lipid component of the bilayers) were the ªsolidº DPPC
(curve 1) or the ªliquidº EL (curve 2). It is seen that, as
expected, the SDSÿ renders the CL2ÿ-bearing vesicles even
more negative. When, however, cationic surfactant CPB� was
added to the CL2ÿ bearing vesicles (curves 3 and 4), the
negative electrical charge was first neutralized (mobility� 0)
prior to becoming positive. Note that concentrations of
surfactants were, by design, an order of magnitude more
dilute than is normally necessary to disrupt membranes.
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Now curve 3 of Figure 1 shows that charge neutralization in
DPPC vesicles occurs when the CPB�-to-2 CL2ÿ ratio on the X
axis is 0.5. Clearly, it would require a ratio of one (with a
molar CPB�-to-CL2ÿ ratio of two) for the CPB� to neutralize
all the CL2ÿ molecules distributed roughly equally on both
sides of the bilayer.[47, 48] Thus, the vesicles assume a neutral
surface charge when CPB� neutralizes only half of the CL2ÿ


molecules. Logically these are the CL2ÿ molecules that reside
at the outer leaflet of the bilayer and that are initially exposed
to the externally added surfactant. We can conclude that
trans-leaflet migration of CPB� to the inner leaflet, or trans-
leaflet migration of CL2ÿ to the outer leaflet, cannot occur
within the solid membrane. Otherwise full neutralization
would have required double the observed amount of CPB� at
zero mobility. One can see from this experiment how simple
electrophoretic mobility data can provide highly useful
information on membrane dynamics in complicated systems.


Dynamic light scattering data (not shown) indicate rapid
aggregation to micron-sized particles upon addition of CPB�


to the CL2ÿ ladened vesicles until complete neutralization is
reached, after which the size decreases. This phenomenon is
best explained electrostatically; vesicle aggregation reaches
its maximum when the vesicles bear no charge.


Liquid EL membranes show quite different behavior than
solid DPPC membranes. Thus in curve 4 of Figure 1,
neutralization of CL2ÿ within EL vesicles by CPB� has a
neutrality point of unity. This implies that CPB� has
neutralized all the CL2ÿ molecules within the bilayer. This
could occur in one of three ways: a) CPB� adsorbed from
solution relocates from the outer to the inner leaflet, thereby
permitting total CL2ÿ neutralization; b) CL2ÿ, originally
distributed more-or-less uniformly between the two leaflets,
migrates to the outer leaflet where it encounters adsorbed
CPB� ; c) a combination of a) and b). Since trans-leaflet ªflip-
flopº of lipids, especially lipids with four chains such as CL2ÿ,
should be a slow process,[49] it seems likely that it is the CPB�


surfactant which is doing the migrating within the liquid
membrane. As a result, a uniform distribution of charged
molecules is established rapidly (within the experimental
measurement time of a few minutes).


There is a second explanation for curve 4 in Figure 1 that
we could not a priori discount: Addition of surfactant might
be destroying the vesicles. To test this possiblity, EL/CL2ÿ


vesicles were loaded with 1m NaCl, an amount which would
lead to a large conductivity increase if the salt were released
into the water. Since no increase in conductivity was observed
when the vesicles were subjected to CPB�, we can conclude
that the integrity of the EL/CL2ÿ vesicles remains in tact when
the surfactant is present. Curiously, in contrast to the solid
DPPC vesicles, CPB2� adsorbed into the liquid EL vesicles
produced no aggregation.


Gemini surfactants : Experiments identical to those carried
out with conventional surfactants were performed with
gemini surfactants GS-12� and GS-22ÿ (Figure 2). As before,
GS-22ÿ enhances the negative charge of vesicles composed of
DPPC/CL2ÿ and EL/CL2ÿ (curves 1 and 2, respectively).
Cationic gemini GS-12�, however, now manifests a different
effect from that of conventional surfactant CPB�. The plots


Figure 2. EPM of vesicles in the presence of gemini surfactants. DPPC/
CL2ÿ vesicles � GS-22ÿ (1); EL/CL2ÿ vesicles � GS-22ÿ (2); DPPC/CL2ÿ


vesicles � GS-12� (3) and EL/CL2ÿ vesicles � GS-12� (4). CL2ÿ headgroup
concentration: 2[CL2ÿ]� 1.4� 10ÿ4m.


for solid and liquid lipids are identical, and both vesicle types
are neutralized when there are two CL2ÿ molecules for each
GS-12� (curves 3 and 4). In other words, GS-12� neutralizes
only the CL2ÿ in the outer leaflet even with the liquid EL
vesicles (in which, as we have just seen, conventional
surfactant travel with ease). Note that lack of leaflet-to-
leaflet migration of GS-12� in EL vesicles persists at the
neutrality point for at least an hour. Thus, there exists a
serious impediment to gemini ªflip-flopº. In this regard, the
double-chained gemini behaves more like a phospholipid than
a surfactant (one of many unique features of geminis).


Intervesicular transport : Not only can mobility measurements
detect interleaflet transport, they can provide evidence for
surfactant transport among different vesicles. This constitutes
a powerful capability since such evidence is difficult to obtain
by other means. Consider the following experiment: Negative
EL/SDSÿ vesicles with an electrophoretic mobility of
ÿ1.9 (mm/s)/(V/cm) were prepared (Figure 3 a) and mixed
with an equal number of positive EL/CTAB� vesicles with a
mobility of �1.9 (mm/s)/(V/cm) (Figure 3 b). Both types of
vesicles contained inside a 1m NaCl solution. Within five
minutes after mixing the two populations, only one type of
vesicle, with a mobility close to zero, was found in the system
(Figure 3 c). According to dynamic light scattering, no change
in vesicle size had occurred. And since the conductivity did
not increase, no vesicle destruction had occurred. These
results prove that surfactant molecules, incorporated into the
liquid vesicular membrane, can hop from one vesicle to
another and rapidly establish a uniform distribution.


Solid DPPC vesicles are a different story. Mixing negative
DPPC/SDSÿ (Figure 3 d) with positive DPPC/CTAB� (Fig-
ure 3 e) resulted in the appearance of large particles with a
wide distribution of mobilities (Figure 3 f) which did not
change with time over >1 h. Conductivity experiments with
NaCl-loaded vesicles plus dynamic light scattering data
showed that the vesicles leaked and grew in size; this suggests
the formation of defects and/or membrane fusion and
disruption.







Gemini Surfactants 4835 ± 4843


Chem. Eur. J. 2001, 7, No. 22 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4839 $ 17.50+.50/0 4839


Figure 3. EPM change of oppositely charged liposomes after their mixing.
EL/SDSÿ vesicles (a); EL/CPB� vesicles (b); (a) � (b), 5 min after mixing
(c); DPPC/SDSÿ vesicles (d); DPPC/CPB� vesicles (e); (d) � (e), 5 min
after mixing (f). Lipid concentration 1 mgmLÿ1.


Interaction of a cationic polymer with anionic vesicles


Conventional surfactants : In this section, we ask an intriguing
question: What happens to the distribution of a negative
surfactant, embedded within a vesicle bilayer, when a cationic
polymer is adsorbed to the outer surface of that vesicle? To
address this question, we added a cationic polymer, PEVP, to
vesicular suspensions of solid DPPC/SDSÿ and liquid EL/
SDSÿ. The concentration of PEVP was always reckoned in
terms of the concentration of cationic pyridinium units. As
seen in Figure 4 a, addition of polymer to vesicular DPPC/
SDSÿ (curve 1) and to vesicular EL/SDSÿ (curve 2) neutral-
izes the negative charge and, ultimately, imparts to the
vesicles a positive charge. Concurrently, the vesicles grow
enormously in size (Figure 4 b) within the experimental time-
frame (a few minutes). There is no question that the PEVP
fully binds to the vesicles up to neutrality because UVanalysis
of the supernatant, formed upon removing the PEVP-coated
vesicles by centrifugation, was devoid of polymer. NaCl-
leakage experiments showed no PEVP-induced vesicle de-
struction.


Zero mobility was achieved at a PEVP/SDSÿ ratio of 0.5 for
the DPPC/SDSÿ vesicles, indicating that surface-adsorbed
PEVP forms ionic contacts with only half the SDSÿmolecules,
namely those located at the outer membrane leaflet. On the
other hand, a PEVP/SDSÿ ratio of unity was found at the
neutrality point of the EL/SDSÿ vesicles. In the latter case,
therefore, the cationic polymer succeeds, within the exper-
imental time-frame of a few minutes, to electrostatically
ªdragº SDSÿ molecules (uniformly distributed in the bilayer
prior to polymer addition) from the inner leaflet to the outer


Figure 4. EPM (a) and size (b) of vesicles in the presence of PEVP. DPPC/
SDSÿ � PEVP (1), and EL/SDSÿ � PEVP (2). [SDSÿ]� 1.4� 10ÿ4m.


leaflet. Such a charge-promoted vacating of the inner leaflet
has apparently not been reported previously. It has obvious
relevance to biological systems where natural ionic polymers
(proteins) assist materials in their crossing cell membranes.


We should mention a lingering uncertainty in our polymer
experiments. At present we do not know if polymers induce a
phase change in the bilayer upon adsorption. This point is
presently being investigated calorimetrically, and results will
be reported later.


Experiments with fluourescent lipid FDPPE prove that
vesicle binding of PEVP, an effective fluourescence quencher,
is reversible. As seen in Figure 5 (curve 1), adsorption of
PEVP quencher on EL/SDSÿ vesicles containing FDPPE is
accompanied by a marked decrease in the fluorescence of the
label. Addition of 0.3m NaCl to the system, however, restores
the fluorescence (Figure 5, curve 2). Addition of excess
anionic polymer PAA has the same effect (Figure 5, curve 3).
Thus, PEVP-vesicle complexes dissociate in the presence of
salt owing, presumably, to electrostatic shielding of the
anionic vesicles by sodium counterions. And anionic PAA
must form a complex with cationic PEVP, thereby removing
PEVP from the vesicle surface. It seems reasonable that the
vesicle, with only a modest negative charge from 10 mol %
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Figure 5. Relative fluorescence intensity of labeled EL/SDSÿ vesicles in
the presence of PEVP (1). To obtain curves 2 and 3, vesicle-PEVP
complexes with different vesicle/PEVP ratios were first prepared, and then
0.3m NaCl solution (2) or PAA (3) were added to each of them. [PAA]/
[PEVP]� 3; [SDSÿ]� 1.4� 10ÿ4m.


SDSÿ, cannot compete for the attentions of PEVP with the
highly anionic PAA.


Gemini surfactants : The behavior of gemini-containing vesi-
cles in contast with PEVP was characterized by several
peculiarities in comparison with the conventional systems just
described:


First, solid DPPC/GS-22ÿ vesicles, loaded with NaCl, were
permeable toward the salt whether the vesicles were coated
with PEVP or not. On the other hand, liquid EL/GS-22ÿ


vesicles (as with SDSÿ-containing vesicles just discussed)
were salt-impermeable in both the PEVP-uncoated and
-coated state. We surmise without firm conviction that the
anionic gemini creates defects in the solid bilayer that permit
the passage of NaCl; such defects within liquid bilayers heal
readily if they form at all.


Second, complete neutralization of the surface charge of
both solid DPPC/GS-22ÿ and liquid EL/GS-22ÿ was achieved
with [PEVP]/2[GS-22ÿ]� 0.9 (Figure 6, curves l and 2, respec-
tively). This signifies that PEVP manages to neutralize nearly
all the GS2ÿ in the bilayer. Note the unusual sigmoidal shape
of the plots in Figure 6. Since mobility can depend on factors


Figure 6. EPM of solid DPPC/GS-22ÿ (1) and liquid EL/GS-22ÿ vesicles (2)
in the presence of PEVP. GS-22ÿ headgroup concentration: 2[GS-22ÿ]�
2.8� 10ÿ4m.


other than charge (vesicle size etc.), we have said little about
curve shape. Instead, attention is focused exclusively on the
most informative parameter generated by the curves: the
neutralization point. It is the neutralization point that
provides the molar ratio of two oppositely charged species
adsorbed into or onto the vesicles.


Third, as with the conventional SDSÿ system, adsorption of
PEVP led to particle growth in both solid and liquid gemini
vesicles. Dislodging the PEVP, which could again be accom-
plished by simple addition of salt, did not cause the vesicles to
revert to their original smaller size, suggesting the presence of
fusion processes.


How might these results be explained? Recall that cationic
gemini GS-12�, when added to CL2ÿ-bearing vesicles (solid or
liquid), neutralizes only the CL2ÿ molecules in the outer
leaflet even with liquid EL vesicles. GS-12� in the outer leaflet
cannot, therefore, ªflip-flopº to the inner leaflet in the minute
time-regime as can conventional surfactants. Our adsorbed
polymer studies unveil another interesting property of the
geminis. When GS-22ÿ is co-sonicated with excess phospho-
lipid, 90 % of the gemini resides in the outer leaflet. Such
marked an asymmetry is unusual, and we attribute it to the
large head-group of the gemini which, apparently, much
prefers the more spacious outer leaflet.[50] As a consequence,
two equivalents of surface-bound PEVP per GS-22ÿ are
required for charge neutralization. The observed particle
growth can then be ascribed to the eradication of electrostatic
repulsion and, possibly, to hydrophobic contacts provided by
the adsorbed polymer, both of which would promote vesicle
aggregation.


Interaction of polyions with electrically neutral vesicles


Conventional and gemini surfactants : Polyions PEVP and
PAA were found not to affect the mobility of vesicles made
exclusively from zwitterionic phospholipids, indicating negli-
gible polymer adsorption on the surfaces of such neutral
vesicles. But there is another way of preparing charge-neutral
vesicles: mix equimolar amounts of anionic and cationic
surfactants to the membranes. It is this type of vesicle that
merits our attention in the third and final section of the paper.
That useful conclusions can be drawn from complex four-
component systems, such as EL/SDSÿ/CTAB�/PEVP, testifies
to the high information-content of mobility data.


Addition of PEVP or PAA to liquid EL/SDSÿ/CTAB� (60/
20/20) was accompanied by the appearance of positive and
negative charge, respectively (Figure 7). Clearly, the polymers
bind to the vesicle surface despite its net electrical neutrality.
The exact mechanism for the interaction is not clear at the
present time. Surfactant segregation within the bilayer is the
likeliest possibility. Perhaps in the case of PEVP, for example,
the SDSÿmigrates from the inner leaflet to the outer leaflet to
partially accommodate the additional cationic charge impart-
ed by the polymer. By this means the additional positive
charge provided by the PEVP is distributed between the two
leaflets rather than confined to the outer one. Alternatively,
or perhaps concurrently, SDSÿ in the outer leaflet might form
two-dimensional clusters that serve as adsorption sites for
oppositely charged polymer.
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Figure 7. EPM of neutral vesicles in the presence of PEVP and PAA. EL/
SDSÿ/CTAB� vesicles � PEVP (1); EL/SDSÿ/CTAB� vesicles � PAA (2).
[SDSÿ]� [CTAB�]� 1.4� 10ÿ4m.


Ternary neutral vesicles were also prepared by admixing
equal molar amounts of oppositely charged geminis GS-12�


and GS-22ÿ (20 parts each) to the EL (60 parts). These vesicles
were, as with the conventional surfactant systems, able to bind
both PEVP and PAA. Adsorbed PEVP could be removed
from the vesicle surface by adding equimolar amounts of PAA
(and vice versa). The process was accompanied by restoration
of the initial zero vesicular charge. In contrast to the effect of
polyions on vesicles of cationic or anionic charge, no
aggregation was observed when PEVP and PAA were
adsorbed onto neutral ternary vesicles. This makes intuitive
sense because in the latter case the vesicles have outer shells
whose net electrical charge creates an intervesicular repul-
sion.


Vesicle-to-vesicle migration of polymers : The question of
intervesicular migration of adsorbed polymers was an intrigu-
ing one. When our two ionic polymers bind to vesicles
containing only a cationic or an anionic surfactant, they do so
strongly and do not migrate in the absence of large amounts of
salt. One the other hand, vesicle-to-vesicle migration of
polymer was in fact observed with neutral ternary vesicles.
This was proven by using again the laser microelectrophoresis
method that has constituted the basis of this entire paper. The
experiment was carried out as follows: a) A 1 mg mLÿ1


suspension of ternary EL/SDSÿ/CTAB� vesicles was prepared
with the expected mobility close to zero (Figure 8, column 1).
b) Next, a 0.1 mm solution of PEVP was added to the
preparation to give a vesicle/PEVP complex with a mobility
of �2.1 (mm/s)/(V/cm) as seen in Figure 8, column 2. c) An
amount of uncoated vesicles, equal to that prepared in a), was
then added. After 10 minutes, the mobility corresponded to
uniform vesicles with a mobility of 1.1 (mm/s)/(V/cm) (Fig-
ure 8, column 3). No vesicle growth was observed. d) When
the same 0.1 mm solution of PEVP was added to double the
vesicle concentration from that in b), a mobility of 1.1 (mm/s)/
(V/cm) was also observed (Figure 8, column 4). It is clear
from these results that adsorbed PEVP is able to rapidly
redistribute itself among a population of coated and uncoated


Figure 8. EPM of: EL/SDSÿ/CTAB� vesicles (lipid concentration
1 mgmLÿ1) (1); their complex with 1� 10ÿ4m PEVP (2); (1)� (2) (3);
and complex of vesicles (lipid concentration 2 mg mLÿ1) with 1� 10ÿ4m
PEVP (4). [SDSÿ]� [CTAB�]� 1.4� 10ÿ4m.


vesicles. This is either accomplished by vesicle/vesicle colli-
sions or by transient entry of the polymer into the solution
prior to vesicle re-adsorption.


Conclusion


Laser microelectrophoresis is shown to be a high-information-
content tool for comparing the dynamics of conventional and
gemini surfactants embedded within vesicle bilayers. The
following can be listed among the more important observa-
tions and conclusions: a) Cationic conventional surfactant,
added to a ªsolidº (gel) lipid vesicle containing an anionic
phospholipid, charge-neutralizes only half the anionic charge.
With a ªliquidº (liquid crystalline) vesicle, however, the entire
negative charge is neutralized. Thus, the cationic conventional
surfactant can ªflip-flopº readily only in the liquid membrane.
b) A cationic gemini surfactant charge-neutralizes only the
anionic lipid in the outer membrane leaflet of either solid or
liquid membranes, thus indicating an inability to flip-flop
regardless of the phase-state of the bilayer. c) Mixed pop-
ulation experiments show that surfactants can hop from one
vesicle to another in liquid but not solid membranes. d) In
liquid, but not solid, bilayers, a surface-adsorbed cationic
polymer can electrostatically ªdragº anionic surfactant from
the inner leaflet to the outer leaflet where the polymer resides.
e) Peripheral fluorescence quenching experiments show that
a cationic polymer, adhered to anionic vesicles, can be forced
to dissociate in the presence of high concentrations of salt or
an anionic polymer. f) Adsorbed polymer, of opposite charge
to that imparted to vesicles by a gemini surfactant, is unable to
dislocate surfactant even in a liquid membrane. g) Ionic
polymers will not bind to neutral vesicles made solely of
zwitterionic phospholipid. On the other hand, ionic polymers
bind to neutral vesicles if charge neutrality is obtained by
virtue of the membrane containing equimolar amounts of
cationic and anionic surfactant. This is attributable to
surfactant segregation within the bilayer. h) Experiments
prove that polymer migration can occur among a population
of neutral ternary vesicles.
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Experimental Section


Materials : DPPC, EL, CPB�, CTAB�, and SDSÿ were obtained from Sigma
and used as received. JSC Biolek (Ukraine) supplied the CL2ÿ. Gemini
surfactants GS-12� and GS-22ÿ were synthesized and purified as published
previously;[43] polyelectrolyte PEVP has also been previously descri-
bed.[44, 45] PAA came from Aldrich.


Vesicle preparation : Small vesicles (50 ± 70 nm according to dynamic light
scattering) were prepared by drying under reduced pressure methanolic
solutions of DPPC or EL mixed with one or two charged additives such as
the surfactants or CL2ÿ. The resulting lipid films were dispersed in a 1 mm
borate buffer (pH 9.2) and sonicated, while cooling in an ice bath (EL
vesicles) or heating at 55 8C (DPPC vesicles), with a Cole-Palmer 4700
ultrasonic homogenizer. Vesicle samples thus obtained were separated
from titanium dust (produced by the sonicator probe) by centrifugation and
used within one day. It is common knowledge that vesicles prepared in this
manner are unilamellar. The following binary and ternary vesicles were
prepared and examined (the molar ratios of components being given in
brackets): EL/CL2ÿ (90/10); EL/SDSÿ (90/10); EL/CPB� (90/10); EL/GS-
12� (80/20); EL/GS-22ÿ (80/20); DPPC/CL2ÿ (90/10); DPPC/SDSÿ (90/10);
DPPC/CPB� (90/10); DPPC/GS-12� (80/20); DPPC/GS-22ÿ (80/20); EL/
SDSÿ/CTAB� (60/20/20); and DPPC/SDSÿ/CTAB� (60/20/20). Polymers
were always added externally to vesicle dispersions.


Preparing vesicles loaded with 1m NaCl involved suspending and sonicating
vesicle films in 1m NaCl/1 mm borate buffer. Non-incorporated NaCl was
then removed by passing the suspension through a Sephadex G-50 column
or by dialyzing against a 1mm borate buffer. In both cases, the purified
vesicles retained their normal size.


Fluorescent-labeled vesicles were obtained by adding 0.1 wt % of N-
fluorescein-isothiocyanyl dipalmitoylphosphatidylethanolamine (FDPPE),
purchased from Sigma, to the lipid mixtures prior to sonication of the films.


Methods : Mean hydrodynamic diameters of the vesicles and their
complexes with polyelectrolytes were determined by photon correlation
spectroscopy (dynamic light scattering) with a fixed 908 scattering angle
using a Malvern Autosizer IIc instrument equipped with a He/Ne laser and
a Malvern K7032N autocorrelator. Vesicle diameters were averaged from
ten consecutive measurements.


Electrophoretic mobilities (EPM) of vesicles and their complexes with
polyelectrolytes were measured by laser microelectrophoresis in a ther-
mostated cell using a Malvern Zetasizer IIc equipped with a He/Ne laser.
Software supplied by the manufacturer provided the electrophoretic
mobility values directly. Reproducibility was excellent when tested with
identical vesicle systems that had been prepared separately.


Fluorescence intensities of FDPPE-labeled vesicles were obtained with the
aid of a Hitachi F-4000 fluorescence spectrophotometer at lem� 525 nm
(lex� 495 nm). A Radiometer PHM83 potentiometer supplied the pH
values, while conductivity data were obtained with a Radiometer CDM83
conductometer.[46]


In experiments involving addition of polyelectrolyte PEVP to the vesicles,
unbound polymer (and, by difference, the bound polymer) could be
assayed as follows: PEVP/vesicle mixtures were spun for 50 min at
18000 rpm using a Beckman J-1 centrifuge. The absorbances at 257 nm
were then determined from the clear supernatant using a Hitachi 150/20
UV/Vis spectrophotometer. Concentrations of unbound polymer were
read from a corresponding standard plot of absorbance versus concen-
tration.


All experiments were performed in Russia at 20 8C in a 1 mm borate buffer,
pH 9.2, prepared with water which had been double-distilled and passed
through a Milli-Q system.
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Polyphenylene Dendrimers with Perylene Diimide as a Luminescent Core


Andreas Herrmann,[a] Tanja Weil,[a] Veselin Sinigersky,[a] Uwe-Martin Wiesler,[a]


Tom Vosch,[b] Johan Hofkens,[b] Frans C. De Schryver,[b] and Klaus Müllen*[a]


Abstract: A novel synthesis is present-
ed of a fourfold ethynyl-substituted
perylene diimide dye 4, which acts as a
core molecule for the buildup of poly-
phenylene dendrimers. Around the lu-
minescent core 4, a first-generation (5),
a second-generation (6), and a third-
generation (7) polyphenylene dendritic
environment consisting of pentaphenyl-
benzene building blocks are construct-
ed. The dendrimers 5 and 6 are synthe-


sized by an exclusively divergent route,
whereas for 7, a combination of a
divergent and convergent approaches is
applied. Absorption and emission spec-
tra of 5 ± 7 in different solvents and in a
film have been measured and compared


to a nondendronized model compound
13. In solution, the internal chromo-
phore is scarcely influenced by the
dendritic scaffold; however, in the solid
state, aggregation of the perylene di-
imide is prevented very effectively by
the four rigid dendrons. Additionally,
fluorescence quantum yields in solution
have been determined for 5 ± 7 and 13 ;
they decrease as the number of gener-
ation increases.


Keywords: aggregation ´ cyclo-
addition ´ dendrimers ´ dyes/
pigments ´ perylenes


Introduction


In recent years, the focus of interest in the field of dendrimers
has switched from constructing new skeletons and higher
generations to the search for new applications. In this context,
the functionalization of dendrimers with dyes plays an
important role.[1±3] In particular, the covalent incorporation
of a chromophore into the center of these cascade molecules
has produced new supramolecular systems. Azobenzene
connected to a dendritic framework acts as a photoswitch,[4, 5]


and central porphyrines within dendrimers are model com-
pounds for heme-containing proteins[6, 7] and molecular an-
tennae.[8] Monosubstituted perylenes connected to phenyl-
acetylene dendrons of different sizes make effective energy
funnels.[9]


In this contribution, we present the incorporation of a
perylenetetracarboxylic diimide chromophore into the center
of a dendrimer. This class of pigments and dyes exhibits
outstanding chemical, thermal, and photochemical stabili-
ty.[10±14] Therefore they are widely used in the fields of paints
and lacquers; but they are also key chromophores for high-


tech applications, such as photovoltaic cells,[15] optical
switches,[16] lasers,[17, 18] and light emitting diodes.[19±21]


As a shape-persistent scaffold we selected polyphenylene
dendrimers, which have recently been introduced by our
group.[22±25] These dendrimers are made by repetitive Diels ±
Alder reactions by using an aromatic core bearing at least one
ethynyl function and a tetraphenylcyclopentadienone deriv-
ative to form pentaphenylbenzene units. In this structural
motif, the benzene rings are strongly twisted so that they do
not serve as chromophores themselves. The unique features of
the highly soluble, three-dimensional polyphenylenes are high
thermal (>450 8C) and photochemical stability as well as
shape persistence.[26]


Connecting dendrons of different generations to an internal
chromphore the size of the resulting nanostructure can be
controlled, and the dye is separated from the surrounding
medium. As a consequence, aggregation, crystallization, and
migration should be suppressed; this would result in a better
solubility, better film forming properties, and hindering of the
formation of excimers and exciplexes of the internal dye.


The above-mentioned changes in the physical properties of
the incorporated dye suggest the use of these nanostructures
in the emissive layer of LEDs. This objective has been
pursued by Wang et al. and Pillow et al. by the construction of
an energy- and electron-transport dendritic layer around
small molecule emitters.[27, 28]


Apart from that, the generation of a covalently attached
environment around a stable chromophore, which can be
considered as a blend on the molecular level, makes these
molecules potential candidates for single-molecule spectros-
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copy (SMS). With this technique it is possible to study the
interaction of a fluorophore with the surrounding matrix with
a very high spatial resolution and at cryogenic temperatures
even with high frequency resolution. Observing only single
molecules enables their characterization in complex con-
densed matter, and heterogeneities in a population of
molecules can be identified and related to their molecular
environment. In contrast to this technique, conventional
methods generally give results averaged over many mole-
cules.[29±31]


In this paper we describe the synthesis of a tetraethynyl-
substituted perylenetetracarboxylic diimide derivative 4,
which is required as a core in this dendrimer type. Starting
from this luminescent core, the preparation of a first (5),
second (6), and third-generation dendrimer (7) is presented.
In the last, a divergent and a convergent approach for the
dendrimer growth are combined in a very efficient way. To
compare the optical properties of these dendritic chromo-
phores with a nondendronized chromophore, the model
compound 13 has also been synthesized.


Results and Discussion


Synthesis of the perylene core molecule 4 and the model
compound 13 : The synthesis of the luminescent core 4 as well
as that of the model compound 13 is shown in Scheme 1. It
starts from tetrakis(tetramethylbutylphenoxy)-3,4,9,10-pery-
lenetetracarboxylic dianhydride (1), which is readily available
on the gram scale.[32] This class of perylene derivatives, which
carry substituents in the 1, 12 and 6, 7 positionsÐthe so called
bay regions, show some remarkable features. By introducing
two or four substituents into these bay regions, the two
naphthalene units of the planar perylene core are twisted
against each other because of the sterical demand of the


substituents. This holds true for all perylene derivatives
described herein, and can be seen in Figure 3, below. The
nonplanarity of compound 1, as well as the four bulky
alkylaryloxy substituents, increases its solubility, which makes
subsequent purification by column chromatography much
easier. Moreover, the phenoxy substituents contribute to the
shielding of the internal chromophore. Imidization of 1 with
commercially available 3,5-dibromo-4-methylaniline leads to
the perylenetetracarboxylic diimide 2, which carries four
bromo substituents (Scheme 1). In this imidization reaction,
the standard procedures for aromatic amines (i.e., high
boiling solvents like quinoline or imidazole in the presence
of zinc salts at temperatures of about 200 ± 220 8C) known for
perylenetetracarboxylic dianhydride lead to a mixture of all
possible isomers of debrominated derivatives of 2 due to the
addition of an inorganic condensation catalyst such as zinc
acetate or zinc chloride.[33, 34] The debromination reaction can
be suppressed by using quinoline as a solvent, the more
moderate temperature of 160 8C, and a reaction time of six
hours. An eightfold excess of 3,5-dibromo-4-methylaniline
and P2O5 as the catalyst are also used. Similar reaction
conditions have been applied by Gregg et al., who have
elaborated a straightforward synthesis for perylenetetracar-
boxylic diimides with enhanced solubilities (pyridine, 100 ±
125 8C).[35] Acidic workup and subsequent purification with
column chromatography on silica give the desired product 2 in
89 % yield. To synthesize the unsubstituted model compound
13, from which no dendrimer growth is possible, the same
reaction conditions were used as for the synthesis of 2. The
only difference consisted of the use of aniline as aromatic
amine for imidization. Compound 13 was obtained as a purple
material in 89 % yield.


By applying a fourfold Hagihara ± Sonogashira cou-
pling,[36±38] the four bromo substituents can be replaced by
triisopropylsilylacetylene. The reaction is carried out in a


Scheme 1. Synthesis of the core molecule 4 and model compound 13 ; i) 6 equiv 3,5-dibromo-4-methylaniline, P2O5, quinoline, 160 8C, 85 %; ii) 12 equiv
triisopropysilylethyne, Pd[PPh3]4, CuI, THF/piperidine, 80 8C, 79%. iii) 4 equiv nBu4NF, THF, RT, 81%.
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mixture of piperidine and THF (1:1) with a catalyst system
consisting of tetrakis(triphenylphosphine)palladium and CuI
at 65 8C. Traces of a threefold ethynylated debrominated
species are detected as a side product, but can easily be
separated from the title compound 3 by column chromatog-
raphy. The desired product is obtained in 81 % yield as a
purple solid. The tetraethynyl-substituted luminescent core
molecule 4 is obtained after cleavage of the triisopropylsilyl
(TiPS) groups with tetrabutylammonium fluoride (Bu4NF) in
THF.


Despite their extended rigid molecular structures, the
solubilities of 1 ± 4 and 13 in common organic solvents are
high (70 ± 80 mgmLÿ1 in chlorinated solvents like dichloro-
methane or chloroform); this allows full characterization.
Additionally, their analysis by 1H NMR spectroscopy is
facilitated by the high degree of symmetry in the molecules
(see Experimental Section).


Dendrimer formation : The key steps of the dendrimer
synthesis consist of an iterative protocol of a Diels ± Alder
reaction followed by a deprotection step. In this way, an
aromatic ethyne reacts with a cyclopentadienone of types 10 ±
12 (Scheme 2) that acts as a building unit in the [2�4]cyclo-
addition. After the extrusion of carbon monoxide, a new


Scheme 2. Building blocks 10, 11, and 12 for the dendrimer sythesis.


benzene ring is formed. This leads to pentaphenylbenzene
repeat units. With cyclopentadienone derivatives 10 and 12,
no further dendrimer growth is possible because they do not
possess acetylene groups. In this respect cyclopentadienones
10 and 12 act as terminating reagents and produce one or two
dendritic layers, respectively. In contrast, 3,4-bis[4'-(triisopro-


pylsilylethynyl)phenyl]-2,5-diphenylcyclopenta-2,4-dienone
(11) contains, beside the diene function, two dienophile
functions and can thus be regarded as an A2B-branching
reagent. Since the two ethyne groups are protected by the
sterically demanding TiPS groups, compound 11 only acts as a
diene. After realization of the Diels ± Alder reaction, the
protecting groups can be removed from the subsequent
generation by employing Bu4NF. Due to the inherent stiffness
of the phenyl ± phenyl array and the dense packing of the
benzene rings, which has been proven by Atomic Force
Microscopy measurements,[26] a shape persistent, nano-
sized (up to 6 nm), all-hydrocarbon dendritic framework is
created.


In the synthesis of the first-generation dendrimer, core
molecule 4 reacts with an eightfold excess of cyclopentadi-
enone 10. The reaction can be carried out either in a mixture
of diphenyl ether and tetraethylene glycol at 195 8C or in o-
xylene at 140 8C. Applying o-xylene as a solvent has the
advantage that the product is easily obtained by precipitation
in methanol after concentration. On the other hand, the use of
the solvent mixture necessitates a further purification step,
but leads to shorter reaction times. After filtration, the pure
product 5 is obtained as a purple powder.


For the buildup of the second-generation dendrimer, the
A2B-building unit 11 and the terminating reagent 10 have to
be employed. The Diels ± Alder reaction of the core 4 with 11
leads to the octakis-TiPS-ethynyl-substituted first-generation
dendrimer 8. Thereafter the same solvents as for the
formation of the first generation can be applied. Workup is
different in this case; purification by column chromatography
is necessary because a portion of the starting material 11 also
precipitates from methanol. After an easy deprotection of 8
with Bu4NF, compound 9 is used for an eightfold addition of
10 ; this results in the second-generation dendritic chromo-
phore 6 in a yield of 84 % (Scheme 3). The same reaction
conditions as for the formation of the first generation are
applied, but with a 20-fold excess of the diene.


In contrast to the formation of the first two generations, the
third-generation dendritic chromophore is synthesized by an
approach combining divergent and convergent growth. This
has the advantage that, due to higher mass differences, in the
case of incomplete reaction the product can be better purified.
No conversion is observed when building block 12 is
employed with the octaethynyl-substituted first-generation
dendrimer 9 and o-xylene is used as solvent. The use of
20 equivalents of 12 at 195 8C in diphenyl ether/tetraethylene
glycol leads, after 7 days� reaction time, to the desired product
7 in 58 % yield (Scheme 4).


The nonfunctionalized dendritic structures 5, 6, and 7, as
well as the triisopropylsilyl-protected first-generation den-
drimer 8 and the octaethynyl-substituted unprotected first-
generation dendrimer 9, are all highly soluble in common
solvents such as dichloromethane, toluene, or tetrahydrofur-
an. Therefore, characterization is performed by MALDI-TOF
mass spectrometry as well as by 1H and 13C NMR spectros-
copy. Experimentally determined and calculated m/z ratios
agree perfectly for all title compounds within the range of
accuracy of the instruments. The signals obtained for these
macromolecules consist either of only the [M]� or of the
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[M�Na]� peak, and confirm their monodispersity (see
Experimental Section). MALDI-TOF-MS measurements,
moreover, allow the detection of potential growth imperfec-
tions resulting from unreacted ethynyl groups during the
Diels ± Alder reaction with the building blocks 10, 11, and 12,
even for the higher generations. Each unreacted ethynyl
group would cause a mass difference of 356, 711, or
1117 g molÿ1 (for 10, 11, or 12, respectively, less CO) relative
to the completely reacted product. Therefore MALDI-TOF-
MS is used for both the characterization of the monodisperse
dendritic macromolecules described herein and for control-
ling the dendrimer growth, especially for the synthesis of the
third generation 7 with its long reaction time. An example
MALDI-TOF spectrum of 7 is given in Figure 1 that clearly
demonstrates the monodispersity of this compound.


Characterization of the pery-
lene diimide core dendrimers
by 1H NMR spectroscopy is
performed in tetrachloroethane
because the signal of this sol-
vent does not overlap with any
signal of the characterized den-
drimers. Well-separated and as-
signable signals are obtained
for the aromatic perylene pro-
tons and the aliphatic protons
consisting of CH3, CH2, (CH3)2,
and (CH3)3 groups of the core
molecule. For the dendritic en-
vironment, only the TiPS
groups of 8 and the ethyne
protons of 9 are clearly assign-
able. The aromatic protons of
the core and the aromatic pro-
tons of the dendrons can not be
distinguished due to a strong
overlap of the signals. As the
number of aromatic signals in-
creases with the number of
generations, the peaks become
more unstructured in the range
of the aromatic region between
d� 6.6 and 7.4. However, the
intensity ratios between all sep-
arated peaks and the absorp-
tions of the aromatic region
agree perfectly with the theo-
retically expected values. All
dendrimers should exhibit a
high degree of symmetry, but
1H NMR spectroscopy reveals
the formation of conformation-
al isomers. This conclusion can
be drawn from the spectra of 5
measured at 333 and 413 K,
which are depicted in Figure 2.


At 333 K, the perylene pro-
tons and some aromatic protons
as well as the CH2 and the


(CH3)3 protons show a larger number of signals than expected
from the constitution. This outcome is due to dynamic
exchange processes because, at 413 K, these signals exhibit
coalescence behavior with formation of broadened singlets.
Related findings are made for the homologous dendritic
structures 6 and 7, but not, however, for model compound 13,
which is without a dendritic shell. Hindered rotations around
the O-phenyl bond and around the N-phenyl bond of the
imide moiety are possible dynamic processes that could cause
the line broadening, because both rotational interconversions
are supposed to change the magnetic sites of the above-
mentioned protons. The lack of line broadening for the
nondendronized structure 13 suggests that only N-phenyl
rotation or, more probably, both rotational processes with a
mutual steric hindrance of dendron and alkylphenoxy units


Scheme 3. Synthesis of the first-generation dendrimer 5 and the second-generation 6 ; i) 8 equiv 10, diphenyl
ether/tetraethylene glycol, 195 8C, 88%; ii) 8 equiv 11, diphenyl ether/tetraethylene glycol, 195 8C, 82%; iii) 8
equiv nBu4NF, THF, RT, 87%; iv) 20 equiv 10, diphenyl ether/tetraethylene glycol, 195 8C, 85 %.
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Figure 1. MALDI-TOF mass spectrum of the third-generation dendrimer
7 (12 036.7 [M]� , 12 058.5 [M�Na]�).


are responsible for the observed spectra. Further NMR
experiments and calculations of the energy hypersurface of
5 are under way and will be published elsewhere. What is also
relevant for these considerations is the fact (see below) that,
due to the strong hindrance of neighboring aryloxy groups, the
perylene p-system strongly deviates from planarity.


13C NMR resonances of the
polyphenylene dendrons can
not be assigned completely be-
cause of the many overlapping
signals, and at high generations
some of the resonances of the
core carbons are to weak to be
detected.


Visualization/simulation : The
structures of the perylene core
and of the model compound 13
have been optimized by using
the semiempirical PM3 meth-
od, as implemented in Hyper-
Chem 5.1 (Hypercube Inc.).
The resulting molecule is
strongly twisted in the bay po-
sition with a torsion angle of 288
between the two naphthalene
units. This calculation stands in
very good agreement with the
crystal structure of a similar
molecule.[39] The dendrons from
the first up to the third gener-
ation have been minimized sep-
arately by using MM2 (MM�)
force field geometry optimiza-
tion. Furthermore, optimiza-
tion of the whole dendritic
system was performed by com-
bining four first-generation
dendrons with the perylene
core and minimizing the whole
system. The conformer with the


Figure 2. 1H NMR spectra of 5 at 333 and 413 K (500 MHz, C2D2Cl4).


lowest energy for the first generation 5 shows dendrons
arranged nearly perpendicular to the averaged perylene plane
(Figure 3). The higher-generation dendronized perylene (sec-
ond generation 6) was obtained similarly by connecting an
optimized second-generation dendron with the minimized
perylene core and subsequent geometry optimization of the
entire molecule. To get an idea of the molecular dimensions,


Scheme 4. Synthesis of the third-generation dendrimer 7; i) 20 equiv 12, diphenyl ether/tetraethylene glycol,
195 8C, 58%.
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Figure 3. Visualization of model compound 13 (top), G1 dendrimer 5
(middle), and G2 dendrimer 6 (bottom).


the diameter of each generation can be determined from the
optimized three-dimensional structures and amounts to
3.1 nm for the first, 4.7 nm for the second, and 6.1 nm for
the third generation (whose optimized structure is not shown).
These values indicate a successive increase in size on going
from one generation to the next higher one. Obviously, the
dendrons shield the perylene core so that aggregation of two
perylene units should be hindered. This is in agreement with
the optical behavior of compounds 5 ± 7 and 13 in the solid-
state (see following section).


In this case the simulation of the series of dendrimers 5 ± 7 is
a good first approximation of the three-dimensional struc-
tures; however, to obtain insight into the dynamic behavior
described above, a molecular dynamics conformational search
is necessary, which is still under investigation.


Optical characterization : For the application of the structures
5 ± 7 and 13 as light emitting layers in LEDs or as probes for
SMS it is necessary to study the influence of the dendritic shell
on the optical behavior of the incorporated chromophore.
Therefore, UV/Vis absorption and emission spectra of the


dendrimers 5, 6, and 7 and of the model compound 13 were
measured in solution and as a film, and their fluorescence
quantum yields were determined.


The UV/Vis absorption spectra of all the dendrimers
exhibit two components. One absorption is due to the central
chromophore, the other absorption band at much shorter
wavelengths is dominated by the dendritic framework, which
consists of strongly twisted benzene units. The ratio of the
dendron absorption to that of the core increases with the
generation number, as can be seen from Figure 4, which shows


Figure 4. Absorption spectra of 5 and 6 in cyclohexane.


the UV/Vis spectra of 5 and 6. The dramatic increase in the
relative intensities of the dendron absorption and the
perylene diimide absorption with its maxima at 571, 529,
and 443 nm can be explained by the different number of
benzene rings present in the structures 5 and 6. The G1
dendrimer 5 contains 26 benzene rings, whereas the G2
dendrimer 6 has 66 benzene rings per perylene chromophore.


In order to determine the effect of the dendritic shell on the
incorporated perylene diimide chromophore, the dendritic
structures 5 ± 7 can easily be compared with the unsubstituted
model compound 13. The absorption spectrum of perylene
diimide 13 in toluene solution, which is structurally similar to
the polyphenylene dendrons, exhibits three maxima at 577,
537, and 444 nm (Figure 5a). Between this spectrum and the
spectra of the dendritic structures 5 ± 7 virtually no difference
can be observed.


This changes when chloroform is used as a solvent are
shown in Figure 5b. In this more polar medium (as compared
with toluene or the polyphenylene dendrons) the absorption
spectrum of 13 differs from that of 5 ± 7. The main absorption
maximum of 13, which is located at 590 nm, is bathochromi-
cally shifted by 6 nm in contrast to the main absorption
maxima at 584 nm of 5 ± 7.


The same trend, nearly identical spectra for the model
compound 13 and for the dendrimers in toluene with maxima
at 608 nm and a significantly red shifted spectrum of 13
relative to 5 ± 7 in chloroform, is also observed for the
emission spectra. In chloroform, 13 emits with a maximum at
622 nm while the dendrimers show a maximum emission at
618 nm. Additionally, excitation at the wavelengths of 287,
463, 549, and 589 nm leads to emission spectra of the same
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Figure 5. Absorption and emission spectra of 13 (&), 5 (*), 6 (~), and 7 (�)
a) in toluene and b) in chloroform (excitation at 543 nm).


shape as presented in Figure 5. The intensity of the emission is
not influenced significantly by the dendritic framework.


Major differences between the model compound and
dendrimers occur when considering the solid-state absorption
behavior. These spectra have been recorded from films
prepared by spin-coating from toluene solutions onto quartz
substrates, and are depicted in Figure 6. Remarkably, the
transparency of thin films of the dendritic structures 5 ± 7 is
higher in contrast to the model compound 13 ; this is due to
crystallization of the nondendronized chromophore. The
spectra show typical broadening relative to solution spectra.
In this case, the onset of the absorption bands of the model
compound 13 is shifted by 20 nm to the red in comparison with
the dendrimers 5 ± 7. The absorption maximum of 13 is located
at 585 nm, whereas the maxima of G1 5, G2 6, and G3 7 occur
at 565, 565, and 566 nm, respectively. This shift in the
homologous series of model, G1, G2, and G3 as observed
for the solid-state absorption behavior is also visible in the
fluorescence spectra of these compounds. The spectrum of the
model compound 13 is also significantly shifted to the red by
20 nm (compare Figure 6 b).


The fluorescence quantum yields of 5 ± 7 and 13 were
determined by using cresyl violet as a reference chromophore.
Upon excitation with a wavelength of 540 nm, the quantum
yields for 5, 6, 7, and 13 were found to be 0.83, 0.81, 0.73, and
0.90 in chloroform and 0.95, 0.83, 0.78, and 0.99 in toluene,
respectively. The fact that the fluorescence quantum yield
decreases with the number of generations suggests that new
nonradiative deactivation pathways are opened up by the
polyphenelene dendrons. The observed significant red shift in
the solid-state absorption and emission spectra of the model
compound 13 relative to the spectra of the dendrimers 5, 6,
and 7 can be ascribed to the avoidance of p-stacking of the
perylene core even by the first dendrimer generation. More-
over, the results of the solution absorption and emission
measurements suggest that the dendritic substituents domi-
nate the microenvironment of the chromophore.


Conclusion


We have synthesized a fourfold ethynyl-substituted perylene
diimide 4 that is a suitable core molecule for the buildup of
polyphenylene dendrimers. Around this luminescent core, a
first-generation (5), a second-generation (6), and a third-
generation (7) polyphenylene dendritic environment consist-
ing of pentaphenylbenzene building blocks have been con-
structed. A clear advantage of the combination of a divergent
and a convergent approach is that few synthetic steps have to
be carried out on the dendrimer for the synthesis of the third
generation 7. Only on the core molecule for the synthesis of
the octaethynyl G1 9 do many steps have to be performed, and
here structural control is easy because the addition of the
A2B-building block is only fourfold, and additional purifica-
tion is feasible. This helps to avoid the accumulation of
impurities and growth imperfections for the higher gener-
ations, as might be the case in an exclusively divergent
approach. Cyclopentadienone 12 is a powerful reagent for the
synthesis of two polyphenylene dendritic layers and should be
applied when very accurate structural control of the product is
desired.


The photophysical investigation of the dendritic structures
5, 6, and 7 and the nondendronized model compound 13
shows that the four dendrons around the core only have a
small influence on the optical behavior of the internal
chromophore. On the other hand, the dendritic framework
substantially improves the film-forming properties of these
materials. The absorption and emission behavior of optical-
quality films allow the conclusion that, from the first
generation on, no aggregation of the perylene diimide
chromophore occurs in the solid state. Accordingly, the
optical properties of the internal chromophore, such as high
quantum yield of fluorescence, absorption and emission
properties, and high photostability, have been maintained to
a large extend while processing and aggregation properties
have been improved; this might be of especial interest for
further applications in LEDs. The photophysical behavior and
the formation of isomers, detected by NMR spectroscopy, are
challenging starting points for SMS studies, which will be
published separately.
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Experimental Section


Materials: Tetrahydrofuran (Fluka) was distilled over sodium/benzophe-
none. Quinoline (Acros), P2O5 (Fluka), 3,5-dibromo-4-methylaniline
(Aldrich), piperidine (99.5� %, Aldrich), tetrabutylammmonium fluoride
(Fluka), tetrakis(triphenylphosphine)palladium(0) (Strem), triisopropylsi-
lylethyne (Aldrich), copper(i) iodide (Aldrich), 2,3,4,5-tetraphenylcyclo-
pentadienone (Aldrich), diphenyl ether (Aldrich), aniline (Aldrich), and
tetraethylene glycol (Aldrich) were used as obtained from the commercial
sources. Column chromatography was performed with dichloromethane
(chromasolv, Riedel) and light petroleum (p.a., 40 ± 60 8C, Fluka) on silica
gel (Geduran Si60, Merck). All the reported yields are isolated yields.


Physical and analytical methods : 1H and 13C NMR spectra were recorded
on a Bruker AMX 250, a Bruker AC300, and a Bruker AMX 500 NMR
spectrometer by using the residual proton resonance of the solvent or the
carbon signal of the deuterated solvent as the internal standard. Chemical
shifts are reported in parts per million. Infrared spectra were obtained on a
Nicolet FT-IR 320. For 13C j-modulated spin-echo NMR measurements, the
abbreviations q and t represent quaternary C atoms and CH2 as well as CH3


and CH groups, respectively. FD mass spectra were performed with a VG-
Instruments ZAB 2-SE-FDP. MALDI-TOF mass spectra were measured
with a Bruker Reflex II with THF and dithranol as matrix (molar ratio
dithranol/sample 250:1). The mass peaks with the lowest isotopic mass are
reported. UV/Vis absorption spectra were recorded on a Perkin Elmer
Lambda9 spectrophotometer, fluorescence spectra on a SPEX Fluorolog2


spectrometer. The elemental analyses
were carried out by the Microanalytical
Laboratory of the Universität Mainz
(Germany).


1,6,7,12-Tetrakis-[4'-(1'',1'',3'',3''-tetrame-
thylbutyl)phenoxy]-3,4,9,10-perylenete-
tracarboxylic dianhydride (1): N,N'-Di-
propyl-1,6,7,12-tetra-[4'-(1'',1'',3'',3''-tet-
ramethylbutyl)phenoxy]-3,4,9,10-peryle-
netetracarboxylic diimide (7.5 g,
5.8 mmol), propan-2-ol (1 L), H2O dest.
(100 mL), and KOH (150 mL) were stir-
red for 12 h under reflux under an
atmosphere of argon. After cooling
down, the reaction mixture was poured
into H2O/HCLconc (2.75 L, 10:1). This
mixture was stirred for a further 30 min.
After filtration, the precipitate was wash-
ed with water and dried. Recrystalliza-
tion from CH2Cl2/MeOH gave 1 as a dark
red powder. Yield: 5.74 g, 82 %; m.p.
>178 8C; UV/Vis (CH2Cl2): lmax (e)�
578 (33 037), 544 (27 803), 444 (16 453),
286 nm (46 854mÿ1 cmÿ1); 1H NMR
(300 MHz, CDCl3, 20 8C): d� 8.07 (s,
4 H), 7.30 (d, 3J(H,H)� 8.8 Hz, 8H),
6.85 (d, 3J(H,H)� 8.8 Hz, 8H), 1.72 (s,
8 H), 1.36 (s, 24H), 0.75 (s, 36 H); 13C
j-modulated spin-echo NMR (75 MHz,
CDCl3, 20 8C): d� 159.67, 156.70 (q),
151.89 (q), 147.42 (q), 133.20 (q), 127.94
(t), 120.74 (q), 120.65, 119.68(t), 119.54
(q), 118.55 (q), 57.03 (q), 38.34 (q), 32.35
(q), 31.75 (t), 31.42 (t); IR (KBr): nÄ �
2955, 2903, 2873, 1775(C�O),
1745(C�O), 1590, 1504, 1475, 1476,
1411, 1396, 1365, 1337, 1288, 1252, 1223,
1214, 1172, 1137, 1102, 1015, 994, 849,
837 cmÿ1; MS (FD, 8 kV): m/z (%):
1208.9 (100) [M]� ; elemental analysis
calc (%) for C80H88O10: C 79.44, H 7.33;
found C 78.75, H 7.19.


N,N'-Bis-(3,5-dibromo-4-methyl)phenyl-
1,6,7,12-tetrakis-[4'-(1'',1'',3'',3''-tetrame-
thylbutyl)phenoxy]-3,4,9,10-perylenete-


tracarboxylic diimide (2): 1,6,7,12-tetrakis-[4'-(1'',1'',3'',3''-tetramethylbu-
tyl)phenoxy]-3,4,9,10-perylenetetracarboxylic dianhydride (1) (5.0 g,
4.13 mmol), 3,5-dibromo-4-methylaniline (6.57 g, 24.78 mmol), and P2O5


(500 mg) were dissolved in quinoline (150 mL), and the mixture was stirred
for 6 h at 160 8C under an atmosphere of argon. After cooling, the reaction
mixture was poured into HCl (1.5 L, 18%). The precipitate was filtered and
washed with water. The crude product was dried and chromatographed on
silica with CH2Cl2/light petroleum (2:1) as eluent. Compound 2 was
obtained as a purple solid. Yield: 5.98 g, 85 %; m.p. >300 8C; UV/Vis
(CH2Cl2): lmax (e)� 593 (38 900), 551 (23 100), 455 (13 400), 288 (35 200),
265 nm (53 500mÿ1 cmÿ1); 1H NMR (300 MHz, [D2] C2H2Cl4, 20 8C): d�
8.08 (s, 4H), 7.38 (s, 4 H), 7.21 (d, 3J(H,H)� 8.5 Hz, 8 H), 6.83 (d, 3J(H,H)�
8.5 Hz, 8H), 2.54 (s, 6 H), 1.64 (s, 8 H), 1.28 (s, 24H), 0.69 (s, 36 H, CH3); 13C
j-modulated spin-echo NMR (75 MHz, C2D2Cl4, 20 8C): d� 163.50 (q),
156.75 (q), 152.44 (q), 147.41 (q), 138.80 (q), 134.37 (q), 133.26 (q), 132.24
(t), 128.01 (t), 125.49 (q), 122.27 (q), 120.85 (q), 119.94 (t), 119.83 (t), 119.63
(q), 57.25 (q), 38.58 (q), 32.60 (q), 32.16 (t), 31.76 (t), 23.87 (t); IR (KBr):
nÄ � 3039, 2953, 2900, 1710(C�O), 1678(C�O), 1586, 1553, 1503, 1459, 1404,
1364, 1337, 1318, 1287, 1249, 1214, 1171, 1098, 1013, 977, 879, 846, 802, 749,
580 cmÿ1; MS (FD, 8 kV): m/z (%): 1703.4 (100) [M]� ; elemental analysis
calcd (%) for C94H98Br4N2O8: C 66.28, H 5.80, N 1.64; found C 66.36, H
5.84, N 1.58.


N,N'-Bis-[3,5-bis(triisopropylsilylethynyl)-4-methylphenyl]-1,6,7,12-tetra-
kis-[4'-(1'',1'',3'',3''-tetramethylbutyl)phenoxy]-3,4,9,10-perylenetetracar-
boxylic diimide (3): In a Schlenck flask under inert conditions 2 (5.0 g,
2.9 mmol), tetrakis(triphenylphosphine)palladium(0) (0.68 g, 0.59 mmol),


Figure 6. a) Absorption spectra of 13 (&), 5 (�), 6 (*), and 7 (~) and b) emission spectra of 13 (&), 5 (*), 6 (�),
and 7 (~) in a film prepared from toluene solution (excitation at 543 nm).
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and copper(i) iodide (60 mg, 0.32 mmol) were dissolved in a mixture of
THF and piperidine (250 mL, 1:1). The reaction vessel was closed with a
septum and heated to 70 8C. Then triisopropylsilylethyne (6.4 g, 35 mmol)
was added with a syringe while keeping the reaction temperature constant.
Afterwards the temperature was increased to 80 8C, and the reaction
mixture was allowed to stir for 12 h. After cooling, the solution was diluted
with CH2Cl2 (250 mL) and poured into HCl (1 L, 18%). In a seperation
funnel the organic phase was separated, dried with NaSO4, and evaporated
under reduced pressure. The crude product was chromatographed on silica
with light petroleum/CH2Cl2 (2:1) as eluent. Compound 3 was obtained as a
purple solid. Yield: 4.89 g, 79 %; m.p.� 105 8C; UV/Vis (CDCl3): lmax (e)�
583 (36 562), 551 (21 496), 451 (12 142), 266 nm (73 300mÿ1 cmÿ1); 1H NMR
(300 MHz, C2D2Cl4, 20 8C): d� 8.08 (s, 4 H), 7.22 (s, 4 H), 7.19 (d, 3J(H,H)�
8.5 Hz, 8H), 6.82 (d, 3J(H,H)� 8.5 Hz, 8H), 2.59 (s, 6H), 1.63 (s, 8 H), 1.27
(s, 24 H), 1.03 (s, 84 H); 0.68 (s, 36H); 13C j-modulated spin-echo NMR
(75 MHz, C2D2Cl4, 20 8C): d� 163.75 (q), 156.66 (q), 152.52 (q), 147.25 (q),
144.17 (q), 133.22 (q), 132.70 (q), 132.30 (t), 127.96 (t), 125.63 (q), 122.46
(q), 120.80 (q), 119.89 (t), 119.68 (q), 116.09 (t), 104.36 (q), 97.14 (q), 57.22
(q), 38.55 (q), 32.58 (q), 32.14 (t), 31.84 (t), 19.63 (t), 19.00 (t), 11.52 (t); IR
(KBr): nÄ � 2944, 2865, 2723, 2150 (C�C), 2062 (C�C), 1711(C�O),
1679(C�O), 1586, 1502, 1463, 1407, 1336, 1365, 1338, 1277, 1214, 1173,
1074, 1015, 994, 919, 883, 848, 817, 802, 744, 711, 675, 632, 584, 552,
537 cmÿ1; MS (FD, 8 kV): m/z (%): 2109.2 (100) [M]� ; elemental analysis
calcd (%) for C138H182N2O8Si4: C 78.58, H 8.70, N 1.33; found C 78.46, H
8.82, N 1.29.


N,N'-Bis[-3,5-diethynyl-4-methylphenyl)-1,6,7,12-tetrakis-[4'-(1'',1'',3'',3''-
tetramethylbutyl)phenoxy]-3,4,9,10-perylenetetracarboxylic diimide (4):
Compound 3 (0.90 g, 0.43 mmol) was dissolved in THF (60 mL), and
subsequently tetrabutylammmoniumfluoride (0.45 g, 1.72 mmol) was add-
ed. The solution was stirred at room temperature while the conversion was
monitored by TLC. Typical reaction times range from 0.5 to 1 h. Before full
conversion occured, the reaction was stopped by adding CH2Cl2 (150 mL)
and distilled H2O (500 mL). The organic phase was separated, washed with
HCl (400 mL, 18%), and distilled H2O. Afterwards, the organic phase was
dried with NaSO4, and the solvent was evaporated under vacuum.
Purification of the product was carried out by column chromatography
with light petroleum/CH2Cl2 (2:1) as eluent. The desired product 4 was
obtained as a purple solid. Yield: 0.51 g, 81 %; m.p. >300 8C; UV/Vis
(CH2Cl2): lmax (e)� 591 (50 800), 550 (30 200), 455 (17 600), 293 nm
(41 800mÿ1 cmÿ1); 1H NMR (300 MHz, C2D2Cl4, 20 8C): d� 8.08 (s, 4H),
7.28 (s, 4H); 7.20 (d, 3J(H,H)� 8.3 Hz, 8H), 6.83 (d, 3J(H,H)� 8.3 Hz), 3.30
(s, 4 H), 2.55 (s, 6H), 1.64 (s, 8 H), 1.28 (s, 24 H), 0.69 (s, 36 H); 13C
j-modulated spin-echo NMR (75 MHz, C2D2Cl4, 20 8C): d� 163.60 (q),
156.71 (q), 152.45 (q), 147.33 (q), 144.51 (q), 136.85 (t), 133.27 (q), 133.22
(t), 132.71 (q), 128.01 (t), 124.16 (q), 122.41 (q), 120.78 (q), 119.96 (t), 119.63
(q), 83.28 (q), 69.23 (t), 57.25 (q), 38.58 (q), 32.60 (q), 32.16 (t), 31.78 (t),
18.06 (t); IR (KBr): nÄ � 3303, 3039, 2951, 2867, 2106(C�CH), 1710(C�O),
1676(C�O), 1586, 1502, 1451, 1406, 1364, 1337, 1284, 1211, 1172, 1129, 1114,
1079, 1014, 988, 887, 871, 834, 816, 800, 749, 647, 614, 586, 554 cmÿ1; MS (FD,
8 kV): m/z (%): 1483.8 (100) [M]� ; elemental analysis calcd (%) for
C102H102N2O8: C 82.56, H 6.93, N 1.89; found C 82.57, H 6.91, N 1.79.


G1 Dendrimer 5 : In a Schlenck tube tetraphenylcyclopentadienone, 10
(208 mg, 0.54 mmol) was dissolved in a mixture of diphenyl ether (2 mL)
and tetraethylene glycol (2 mL ). After being degassed and flushed with
argon, the reaction tube was closed with a septum and stirred at 195 8C.
Over a period of 1 h, a solution of 4 (100 mg, 0.067 mmol) in diphenyl ether
(3 mL) and tetraethylene glycol (2 mL) was injected with a syringe. The
resulting solution was then allowed to stir for 8 h. After cooling, the
reaction mixture was added dropwise to methanol (700 mL). The product 5
precipitated as a purple solid and was filtered. It was then taken up in
CH2Cl2 (3 mL) and recrystallized from methanol (700 mL). The pure
product was obtained as a purple solid. Yield: 172 mg, 88 %; m.p.� 264 8C;
UV/Vis (cyclohexane): lmax (e)� 571 (56 100), 530 (34 200), 443 (16 100),
249 (212 900), 222 nm (211 200mÿ1 cmÿ1); 1H NMR (500 MHz, C2D2Cl4,
413 8C): d� 8.13 (s, 4 H), 7.35 ± 6.60 (br, 104 H); 1.73 (s, 8 H); 1.36 (s, 30H);
0.80 (d, 36H); 13C j-modulated spin-echo NMR (75 MHz, C2D2Cl4, 20 8C):
d� 164.03 (q), 153.15 (q), 147.11 (q), 142.70 (q), 140.74 (q), 140.48 (q),
140.00 (q), 139.71 (q), 139.52 (q), 131.88 (t), 130.27 (t), 129.91 (t), 127.86 (t),
127.48 (t), 126.91 (t), 126.61 (t), 126.18 (t), 125.55 (t), 125.27 (t), 123.36 (q),
119.82 (t), 119.20 (t), 57.54 (q), 38.66 (q), 32.53 (q), 32.11 (t), 31.66 (t), 23.91
(t); IR (KBr): nÄ � 3055, 3026, 2953, 2901, 1711(C�O), 1678(C�O), 1589,


1502, 1442, 1405, 1364, 1338, 1313, 1280, 1212, 1173, 1129, 1073, 1026, 1014,
902, 869, 840, 823, 803, 763, 752, 696, 645, 581, 541 cmÿ1; MS (FD, 8 kV): m/z
(%): 2909.0 (100) [M]� ; (FAB 8 kV): m/z (%): 2909.6 (100) [M]� ;
(MALDI-TOF): m/z (%): 2909.1 (100) [M]� ; elemental analysis calcd
(%) for C214H182N2O8: C 88.33, H 6.30, N 0.96; found C 88.03, H 6.26, N
0.92.


Octakistriisopropylsilylethynyl G1 Dendrimer (8): The Diels ± Alder
reaction was carried out as described for 5. 3,4-Bis-[4-(triisopropyl-
silylethynyl)phenyl]-2,5-diphenylcyclopenta-2,4-dienone, 11 (402 mg,
0.54 mmol) and 4 (100 mg, 0.067 mmol) are utilized. In contrast to the
preparation of 5, the reaction time was increased to 12 h, and the workup
also differs. After precipitation from methanol (700 mL), purification of
the product 8 was carried out by column chromatography on silica with
light petroleum/CH2Cl2 (2:1) as eluent. Compound 8 was obtained as a
purple solid. Yield: 241 mg, 82 %; m.p.� 274 8C; UV/Vis (CH2Cl2): lmax


(e)� 583 (48 000), 543 (39 500), 451 nm (19 900mÿ1 cmÿ1); 1H NMR
(300 MHz, C2D2Cl4, 20 8C): d� 8.13 (s, 4H); 7.29 ± 6.66 (br, 96H); 1.72 (s,
8H); 1.36 (s, 24H); 1.28 (s, 6H); 1.08 (d, 3J(H,H)� 1.9 Hz, 168 H); 0.80 (s,
36H) ; 13C j-modulated spin-echo NMR (75 MHz, C2D2Cl4, 20 8C): d�
164.02 (q), 156.44 (q), 153.26 (q), 147.21 (q), 142.35 (q), 141.64 (q), 140.88
(q), 140.53 (q), 140.11 (q), 138.79 (q), 133.31 (q), 131.61 (t), 130.82 (t),
130.55 (t), 130.15 (t), 127.81 (t), 127.69 (t), 127.08 (t), 126.48 (t), 125.94 (t),
123.42 (q), 121.19 (q), 120.90 (q), 120.62 (q), 120.05 (t), 119.72 (t), 108.11
(q), 108.02 (q), 90.49 (q), 90.30 (q), 57.57 (q), 38.69 (q), 32.49 (q), 32.07 (t),
31.59 (t), 18.82 (t), 11.83 (t); IR (KBr): nÄ � 3054, 3025, 2953, 2152(C�C),
1711(C�O), 1678(C�O), 1567, 1501, 1461, 1403, 1365, 1337, 1311, 1278,
1214, 1174, 1073, 1015, 994, 882, 834, 752, 698, 675, 577, 546 cmÿ1; MS
(MALDI-TOF): m/z (%): 4353.2 (100) [M]� , 4375.3 (50) [M�Na]� ;
elemental analysis calcd (%) for C302H342N2O8Si8: C 83.33, H 7.92, N 0.64;
found C 83.26, H 7.95, N 0.59.


Octaethynyl G1 Dendrimer (9): Compound 3 (100 mg, 0.023 mmol) was
dissolved in THF (20 mL), and subsequently tetrabutylammmoniumfluor-
ide (48 mg, 0.183 mmol) was added. The solution was stirred at room
temperature while the conversion was monitored by TLC (light petroleum/
CH2Cl2 2:1). Typical reaction times range from 3 to 4 h. Before full
conversion occured, the reaction was stopped by adding CH2Cl2 (100 mL)
and distilled H2O (300 mL). The organic phase was separated and washed
with HCl (300 mL, 18 %) and distilled H2O. Afterwards, the organic phase
was dried with NaSO4, and the solvent was evaporated under vacuum.
Purification of the product was carried out by column chromatography with
light petroleum/CH2Cl2 (1:1) as eluent. The desired product 9 was obtained
as a purple solid. Yield: 62 mg, 87%; m.p.� 116 8C; UV/Vis (CH2Cl2): lmax


(e)� 583 (48 200), 544 (39 700), 452 nm (20 000mÿ1 cmÿ1); 1H NMR
(250 MHz, C2D2Cl4, 20 8C): d� 8.04 (s, 2 H), 7.97 (s, 2H), 7.34 ± 6.58 (br,
96H), 2.97 (s, 4H), 2.94 (s, 4 H), 1,94 (s, 2H), 1,64 (s, 6H); 1,28 (s, 30H); 0.69
(s, 36 H); 13C NMR (125 MHz, C2D2Cl4, 100 8C): d� 163.08, 153.09, 145.09,
142.13, 141.88, 141.24, 141.03, 140.74, 139.83, 139.42, 138.73, 137.92, 131.74,
131.62: 131.47, 131.26, 131.08, 131.05, 130.85, 130.35, 130.12, 129.02, 128.75,
128.41, 128.27, 128.16, 127.95, 127.92, 127.82, 127.67, 126.78, 126.68, 126.62,
126.02, 119.86, 119.57, 119.35, 84.51, 77.25, 77.09, 57.38, 38.66, 32.53, 32.08,
31.66, 22.80; IR (KBr): nÄ � 2923, 2864, 2104(C�CH), 1705(C�O),
1678(C�O), 1588, 1502, 1463, 1380, 1285, 1215, 1081, 1049, 1014, 883, 847,
792, 755, 700, 675 cmÿ1; MS (MALDI-TOF): m/z (%): 3100.3 (100) [M]� ,
3122.3 (40) [M�Na]� ; elemental analysis calcd (%) for C230H182N2O8: C
89.06, H 5.91, N 0.90; found C 88.86, H 5.74, N 0.84.


G2 Dendrimer (6): The Diels ± Alder reaction was carried out as described
for 5 except that the reaction time was increased to 16 h. The tetraphe-
nylcyclopentadienone 10 (156 mg, 0.406 mmol) and 9 (63 mg, 0.0203 mmol)
were utilized. Compound 6 was obtained as a purple solid. Yield: 103 mg,
85%; m.p.� 279 8C; UV/Vis (cyclohexane): lmax (e)� 572 (56 000), 530
(33 300), 442 (14 600), 251 (389 600), 217 nm (469 600mÿ1 cmÿ1); 1H NMR
(300 MHz, C2D2Cl4, 20 8C): d� 8.01 (s, 2 H), 7.95 (s. 2H), 7.40 ± 6.30 (br,
264 H), 1.86 (s, 2H), 1.61 (s, 6 H), 1.26 (s, 24H), 1.16 (s, 6H), 0.66 (s, 36H);
13C j-modulated spin-echo NMR (75 MHz, C2D2Cl4, 20 8C): d� 164.11 (q),
156.47 (q), 152.70 (q), 146.93 (q), 142.13 (q), 141.91 (q), 140.46 (q), 140.28
(q), 139.31 (q), 139.20 (q), 138.70 (q), 138.07 (q), 133.21 (q), 131.79 (t),
131.37 (t), 130.39 (t), 130.22 (t), 128.64 (t), 127.79 (t), 127.06 (t), 126.76 (t),
126.34 (t), 125.65 (t), 125.34 (t), 122.98 (q), 120.31 (q), 119.98 (t), 57.35 (q),
38.55 (q), 32.61 (q), 32.15 (t), 31.81 (t), 18.82 (t), 164.11 (q), 156.47 (q),
152.70 (q), 146.93 (q), 142.13 (q), 141.91 (q), 140.46 (q), 140.28 (q), 139.31
(q), 139.20 (q), 138.70 (q), 138.07 (q), 133.21 (q), 131.79 (t), 131.37 (t),
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130.39 (t), 130.22 (t), 128.64 (t), 127.79 (t), 127.06 (t), 126.76 (t), 126.34 (t),
125.65 (t), 125.34 (t), 122.98 (q), 120.31 (q), 119.98 (t), 57.35 (q), 38.55 (q),
32.61 (q), 32.15 (t), 31.81 (t), 18.82 (t); IR (KBr): nÄ � 3054, 3025, 2953, 1711
(C�O), 1678 (C�O), 1596, 1501, 1441, 1428, 1403, 1365, 1337, 1311, 1278,
1211, 1174, 1073, 1025, 899, 845, 801, 761, 729, 698, 550 cmÿ1; MS (MALDI-
TOF): m/z (%): 5956.1 (100) [M]� ; elemental analysis calcd (%) for
C454H342N2O8: C 91.59, H 5.80, N 0.47; found C 91.23, H 5.80, N 0.45.


G3 Dendrimer (7): The Diels ± Alder reaction was carried out as described
for 5. G2 cyclopentadienone dendron 12 (220 mg, 0.192 mmol) and 9
(30 mg, 0.0097 mmol) were utilized. In contrast to the preparation of 5, the
reaction time was increased to 7 d and the workup also differed. After
being precipitated from methanol (500 mL), the crude product was
redissolved in CH2Cl2 (3 mL) and precipated again from methanol
(500 mL). Subsequent purification consisted of column chromatography
on silica first with light petroleum/CH2Cl2 (1:1) and then with pure CH2Cl2


as eluent. Compound 7 was obtained as a pink solid. Yield: 68 mg, 58%;
m.p. >300 8C; UV/Vis (cyclohexane): lmax (e)� 571 (55 900), 530 (33 100),
442 (19 300), 225 nm (926 700mÿ1 cmÿ1); 1H NMR (500 MHz, C2D2Cl4,
20 8C): d� 8.09 (s, 2 H); 8.04 (s, 2 H); 7,42 ± 6,30 (br, 584 H); 1,68 (s, 8H);
1,33 (s, 24 H); 1.26 (s,6H); 0,75 (s,36H); 13C j-modulated spin-echo NMR
(75 MHz, C2D2Cl4, 20 8C): d� 154.76 (q), 147.05 (q), 142.27 (q), 142.04 (q),
140.82 (q), 140.65 (q), 140.43 (q), 140.31 (q), 139.52 (q), 132.84 (t), 132.44
(t), 131.82 (t), 131.24 (t), 130.81 (t), 130.20 (t), 130.05 (t), 129.08 (t), 128.83
(t), 128.63 (t), 128.54 (t), 128.23 (t), 127.66 (t), 127.33 (t), 126.94 (t), 126.63
(t), 126.30 (t), 125.65 (t), 125.32 (t), 124.26 (q), 119.18 (t), 32.11 (t), 31.59 (t);
IR (KBr): nÄ � 3054, 3025, 2953, 1711(C�O), 1678(C�O), 1592, 1500, 1442,
1404, 1364, 1313, 1279, 1213, 1174, 1073, 1026, 1012, 900, 870, 843, 823, 799,
755, 713, 688, 664, 581, 560 cmÿ1; MS (MALDI-TOF): m/z (%): 12036.7
(30) [M]� , 12058.5 (100) [M�Na]� ; elemental analysis calcd (%) for
C934H662N2O8: C 93.16, H 5.54, N 0.23; found C 92.89, H 5.37, N 0.11.


N,N'-diphenyl-1,6,7,12-tetrakis-[4'-(1'',1'',3'',3''-tetramethylbutyl)phenoxy]-
3,4,9,10-perylenetetracarboxylic diimide (13). The preparation of 13 was
analogous to that of 2 except for the amine component aniline. The crude
product was chromatographed on silica with CH2Cl2 as eluent. Compound
13 was obtained as a purple solid. Yield: 290 mg, 86 %; m.p. >300 8C; UV/
Vis (cyclohexane): lmax (e)� 566 (34 300), 526 (22 900), 443 (12 900), 287 nm
(39 100mÿ1 cmÿ1); 1H NMR (300 MHz, C2D2Cl4, 20 8C): d� 8.08 (s, 4H),
7.44 (m, 6H), 7.20 (d, 3J(H,H)� 8.5 Hz, 8 H), 7.17 (d, 3J(H,H)� 7.17 Hz,
4H), 6.82 (d, 3J(H,H)� 8.5 Hz, 8H), 1.63 (s, 8H), 1.27 (s, 24H), 0.68 (s,
36H); 13C j-modulated spin-echo NMR (75 MHz, C2D2Cl4, 20 8C): d�
163.35 (q), 156.16 (q), 152.05 (q), 146.78 (q), 134.90 (q), 132.78 (q),
129.24 (t), 128.62 (t), 128.34 (t), 127.47 (t), 122.18 (q), 120.16 (q), 119.43 (q),
119.25 (t), 119.20 (t), 56.74 (q), 38.08 (q), 32.10 (q), 31.66 (t), 31.27 (t); IR
(KBr): nÄ � 3140, 2952, 2902, 1706 (C�O), 1674 (C�O), 1591, 1503, 1404,
1364, 1340, 1316, 1282, 1213, 1174, 1127,1095, 1015, 957, 908, 877, 835, 803,
740, 691, 582, 551 cmÿ1; MS (FD, 8 kV): m/z (%): 1359.7 (100) [M]� ;
elemental analysis calcd (%) for C92H98N2O8: C 81.26, H 7.26, N 2.06; found
C 81.18, H 7.28, N 1.91.
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Quantitative Measurements of Edge-to-Face Aromatic Interactions by Using
Chemical Double-Mutant Cycles


Fiona J. Carver,[a] Christopher A. Hunter,*[a] Philip S. Jones,[b] David J. Livingstone,[c]


James F. McCabe,[a] Eileen M. Seward,[d] Pascale Tiger,[a] and Sharon E. Spey[a]


Abstract: Synthetic H-bonded zipper
complexes have been used to quantify
the magnitude of an edge-to-face aro-
matic interaction between a benzoyl
group and an aniline ring. Four chemical
double-mutant cycles were constructed
by using a matrix of nine closely related
complexes in which the aromatic rings
were sequentially substituted for alkyl


substituents. The stability constants and
three-dimensional structures of the com-
plexes were determined by using


1H NMR titrations in deuterochloro-
form at room temperature. The value of
the interaction energy is similar in all
cases, the average is ÿ1.4� 0.5 kJ molÿ1.
The scope and limitations of the double-
mutant approach are explored, and the
consequences of conformational equili-
bria are discussed.


Keywords: double-mutant cycle ´
edge-to-face interaction ´ hydrogen
bonds ´ molecular recognition ´ pi
interactions


Introduction


Molecular recognition events generally involve the coopera-
tion of a large number of weak noncovalent interactions to
produce a significant thermodynamic driving force for bind-
ing. At present, the study of these events is at a qualitative
rather than quantitative level: it is impossible to predict a
binding constant (or binding enthalpy) even for a very simple
system where the individual noncovalent interactions are
straightforward to identify, let alone for a complicated
biological macromolecule.[1] The development of a more
quantitative understanding of molecular recognition requires
accurate measurements of noncovalent interaction energies
and associated structure ± activity relationships, but this is
difficult to achieve, because the systems that must be studied
to obtain this information are necessarily complex.[2] One


approach is the study of synthetic supramolecular systems,
which are relatively simple: they contain a small number of
noncovalent interaction sites, but enough to cause complex-
ation; they have limited conformational flexibility; structural
modifications can achieved readily through synthesis; char-
acterisation is straightforward with conventional techniques.[3]


We have selected the H-bonded ªzipperº complex shown in
Scheme 1 (Complex A, 1 ´ 4) as a suitable system for making
quantitative measurements of noncovalent functional-group
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Scheme 1. A chemical double-mutant cycle for determining the magnitude
of the terminal aromatic interaction in Complex A (1 ´ 4).
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interaction energies.[4] The complex is held together by two
H-bonds and four aromatic interactions, and the stability
constant is 48mÿ1 in chloroform; this means the free energy of
binding can readily be determined by NMR titrations. The
component molecules have no free rotors (although there are
some conformational equilibria, which will be discussed
later), and so the loss of conformational entropy on binding
is small. The three-dimensional solution structure of the
complex can be determined by using intermolecular NOEs
and the complexation-induced changes in chemical shift,[5]


and all of this information can be collected easily. The
approach we have taken to quantifying specific functional-
group contributions to the overall binding energy of this
system is the double-mutant method, which has been widely
used in protein engineering experiments to quantify amino
acid side-chain interactions.[2a±c] The principles are explained
below, but essentially we are removing the interaction of
interest by a chemical mutation and quantifying how that
affects the stability of the complex. The zipper complex is
ideally suited to this approach, because we can make changes
to the terminal functional groups without affecting the core of
the complex. There are problems associated with the macro-
cyclic and cleft architectures more commonly used in host ±
guest chemistry, since it is difficult to make such mutations
without having a more drastic effect on the structure.


Results and Discussion


The compounds required to construct chemical double-
mutant cycles based on the zipper complex (1 ´ 4) were
prepared according to Schemes 2 and 3 by using simple amide
coupling reactions. A carbodimide coupling reagent (1-(3-
dimethylaminopropyl)-3-ethylcarbodiimideÐEDC) was used
to acetylate 5 a, because the use of acetyl chloride led to
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Scheme 2. Synthesis of compounds 4 ± 7.
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Scheme 3. Synthesis of compounds 1 ± 3.


contamination with the imide. All other steps were straight-
forward and proceeded in good yield.


Scheme 1 illustrates the first double-mutant cycle we
examined and will be used to explain the approach. In
principle, the magnitude of the terminal aromatic interaction
highlighted in Complex A (1 ´ 4) in Scheme 1 can be estimated
by chemical mutations which remove it, that is by comparing
the stability of Complex A with complexes B or C, which do
not have this interaction present. However, this assumes that
the aromatic rings in question make no other intermolecular
interactions in Complex A and that the strength of the
H-bonds remains constant when the aromatic to alkyl
mutation is made. These effects can be quantified by using
the double-mutant, Complex D. For example, if we compare
complexes C and D, the difference DGCÿDGD is a direct
measure of the sum of the change in H-bond strength and
secondary interactions made by the benzoyl group in com-
plexes A and C. Thus the free energy difference of the two
horizontal (or vertical) mutations in Scheme 1 allows us to
dissect the interaction of interest from the complicated array
of weak interactions present in Complex A.


Equation (1), aromatic interaction in Complex A:


DDG�DGAÿDGBÿDGC � DGD (1)


There are a number of assumptions inherent in this analysis,
which we will discuss presently. However, we emphasise that
this is a practical experimental approach that solves a lot of
the problems generally associated with the quantification of
weak intermolecular forces in complicated systems. The most
important assumption is that the functional groups used in the
mutations, the hexyl and tert-butyl groups, do not interact with
the adjacent aromatic rings (evidence for this assertion will be
presented later). Secondly, we assume that the sum of free
energy changes measured here corresponds to a functional
group interaction enthalpy; in other words that the entropy
changes cancel out in the cycle and that entropy ± enthalpy
compensation is not a significant factor in this system.[6] We
also assume that the secondary interactions and changes in
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H-bond strength are additive functions of the mutations.
Theoretically, the energy of a H-bond is proportional to the
product of the dipole moments.[7] However, in the limit of a
small change in dipole moment, the change in the product is
approximately equal to the change in the sum. For example, if
the amide dipole moments in Complex A, m1 and m2, change
by small amounts, dm1 and dm2, when they are mutated, the
H-bond strengths in the four complexes in the double-mutant
cycle are given by Equations (2) ± (5):


H-bond in Complex A� cm1m2 (2)


H-bond in Complex B � c m1(m2 � dm2)
� cm1m2 � cm1dm2 (3)


H-bond in Complex C � c(m1 � dm1) m2


� c m1m2 � cm2dm1 (4)


H-bond in Complex D� c(m1 � dm1) (m2 � dm2)
� cm1m2 � cm1dm2 � cm2dm1 � cdm1dm2 (5)


Putting these values into the double-mutant cycle Equa-
tion (1), the residual contribution due to changes in H-bond
strength is given by Equation (6)


D(H-bond)� cdm1dm2 (6)


If the changes dm1 and dm2 are small relative to m1 and m2 ,
then this will be a very small energy. In other words, for small
changes in the polarity of the amide groups, the double-
mutant cycle is valid. As we will see, the change in H-bond
strength and secondary interactions in this system are rather
small, and so the approach is not compromised by the
nonadditivity of the H-bond energies.


Clearly to use this approach in practice, two things are
required: an accurate evaluation of the stability constants of
all four complexes in a cycle and evidence that the three-
dimensional structure of the core of the complex is unaffected
by the peripheral mutations. 1H NMR titrations and NOE
experiments provide this information. The data for all of the
complexes studied are listed in Table 1. We will begin by


considering the double-mutant cycle in Scheme 1. All of the
complexes show intermolecular NOEs between the bisaniline
methyl groups, j and j', and the isophthaloyl protons, a and b
(Scheme 4). Where terminal aromatic groups are present,
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Scheme 4. Proton labelling scheme for the complexes.


intermolecular NOEs are observed between the isopropyl
methyl groups, e, and the benzoyl protons, l and k. These
NOEs locate the isophthaloyl group in the bisaniline pocket
and the benzoyl and aniline groups in close proximity, as
shown in Scheme 1. The limiting complexation-induced
changes in chemical shift (Dd values) for the central
isophthaloyl, NH, NH', a, b, b', c, and bisaniline, NH, NH', i,
i', j, j', protons are almost identical for all four complexes
(Table 1, Complex A� 1 ´ 4, B� 1 ´ 5, C� 2 ´ 4, D� 2 ´ 5); this
shows that the structure of the core of the complex is
unaffected by the mutations. However, if we examine the
peripheral mutated functional groups, it becomes clear that
there is a problem with this system. Complex D can exist as
two different conformational isomers (Figure 2), and the Dd


values suggest that both are present in similar proportions.
The expected Dd values if only Conformer 2 were present can
be estimated from complexes 1 ´ 4 and 3 ´ 6, where this
conformational ambiguity does not exist and where the


Table 1. 1H NMR titration data (in deuterochloroform at 295 K).[a]


Complex Ka DG Limiting Complexation-induced changes in 1H NMR chemical shift.[b]


mÿ1 kJ molÿ1 Isophthaloyl component Bisaniline component
NH NH' a b b' c d e f g h' NH NH' i i' j j' k l m n'


1 ´ 4 48� 2 ÿ 9.5� 0.1 � 1.4 ± ÿ 1.6 ÿ 0.4 ± 0.0 0.0 ÿ 0.2 0.0 � 0.1 ± � 1.1 ± � 0.2 ± 0.0 ± ÿ 0.3 ÿ 0.5 ÿ 0.1 ±
1 ´ 5 17� 1 ÿ 6.9� 0.1 � 1.4 ± ÿ 1.7 ÿ 0.6 ± 0.0 ÿ 0.1 ÿ 0.2 ÿ 0.1 0.0 ± � 0.9 � 0.6 � 0.2 � 0.2 ÿ 0.1 0.0 ÿ 0.2 ÿ 0.4 0.0 ÿ 0.2
1 ´ 6 12� 1 ÿ 6.0� 0.2 � 1.1 ± ÿ 1.5 ÿ 0.4 ± 0.0 0.0 0.0 0.0 0.0 ± ± � 0.9 ± � 0.1 ± 0.0 ± ± ± ÿ 0.2
2 ´ 4 20� 2 ÿ 7.3� 0.3 � 1.4 � 1.0 ÿ 1.5 ÿ 0.2 ÿ 0.5 0.0 0.0 ÿ 0.1 0.0 0.0 ÿ 0.1 � 0.9 ± � 0.1 ± ÿ 0.1 ± ÿ 0.1 ÿ 0.2 0.0 ±
2 ´ 5 10� 1 ÿ 5.6� 0.3 � 1.6 � 1.0 ÿ 1.5 ÿ 0.3 ÿ 0.7 0.0 0.0 ÿ 0.2 ÿ 0.1 0.0 ÿ 0.3 � 1.3 � 0.6 � 0.1 � 0.1 ÿ 0.1 0.0 ÿ 0.1 ÿ 0.3 ÿ 0.1 ÿ 0.1
2 ´ 6 8� 1 ÿ 5.2� 0.3 � 0.9 � 0.8 ÿ 1.1 ÿ 0.2 ÿ 0.6 0.0 0.0 0.0 0.0 0.0 ÿ 0.2 ± ± � 0.6 ± 0.0 ± ÿ 0.1 ± ± ÿ 0.2
3 ´ 4 15� 1 ÿ 6.6� 0.2 ± � 1.1 ÿ 0.8 ± ÿ 0.3 0.0 ± ± ± ± ÿ 0.3 � 0.9 ± 0.0 ± ÿ 0.1 ± ÿ 0.1 ÿ 0.1 0.0 ±
3 ´ 5 10� 1 ÿ 5.6� 0.3 ± � 1.0 ÿ 0.8 ± ÿ 0.4 0.0 ± ÿ ± ÿ ÿ 0.3 � 1.3 � 1.1 0.0 0.0 ÿ 0.2 ÿ 0.1 ÿ 0.1 ÿ 0.1 0.0 0.0
3 ´ 6 10� 1 ÿ 5.6� 0.3 ± � 0.7 ÿ 0.7 ± ÿ 0.4 0.0 ± ± ± ± ÿ 0.2 ± � 0.6 ± 0.0 ± ÿ 0.1 ± ± ± 0.0
1 ´ 7 15� 1 ÿ 6.7� 0.1 � 1.6 ± ÿ 1.5 ÿ 0.4 ± 0.0 ÿ 0.1 ÿ 0.2 0.0 0.0 ± nd[c] nd nd nd nd nd nd nd nd nd
2 ´ 7 9� 1 ÿ 5.4� 0.2 � 1.4 ÿ 1.8 ÿ 0.4 ÿ 0.4 0.0 ÿ 0.1 ÿ 0.2 0.0 0.0 ÿ 0.3 nd nd nd nd nd nd nd nd nd nd
3 ´ 7 8� 2 ÿ 5.2� 0.5 ± � 0.8 ÿ 0.7 ± ÿ 0.4 0.0 ± ± ± ± ÿ 0.3 nd nd nd nd nd nd nd nd nd nd


[a] Average values from at least three separate experiments. Titration data for 4 ± 6 different signals were used to determine the association constant in each
experiment. Errors are quoted as twice the standard error from the weighted mean (weighting based on the observed change in chemical shift). [b] Calculated by
extrapolating titration data for formation of 1:1 complexes in deuterochloroform at 295 K (see Scheme 4 for proton labelling scheme). Dashes indicate signals that do
not exist in the complex concerned. [c] Not determined.
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relative positions of the terminal functional groups are
identical (Scheme 5, Table 1). Similarly, expected Dd values
for Conformer 1 can be estimated from complexes 1 ´ 6 and 3 ´
4. The observed Dd values for 2 ´ 5, particularly for signal l,
which shows the largest changes, look like a 1:1 mixture of the
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Scheme 5. Conformational equilibrium in the 2 ´ 5 complex. Conformer 1
contains one benzoyl ± hexyl interaction and one tert-butyl ± aniline inter-
action, and so should show the same Dd values as complexes 3 ´ 4 and 1 ´ 6.
Conformer 2 contains one benzoyl ± aniline interaction and one tert-butyl ±
hexyl interaction, and so should show the same Dd values as complexes 1 ´ 4
and 3 ´ 6. The Dd values for these four complexes are illustrated, and the
experimental values for the 2 ´ 5 complex are shown.


two conformers. This clearly invalidates the double-mutant
cycle in Scheme 1, since there is a change in the structure of
the core of the complex in Conformer 1 of Complex D.


If we consider the structures of the complexes in more
detail, there are other conformational equilibria present. For
example, Complex B can exist in two forms (Scheme 6a) that


Scheme 6. Conformational equilibrium in the 1 ´ 5 complex. The difference
between conformers a and b is the orientation of the amide groups and
H-bonds. This leads to a subtle difference in the orientation of the
interaction between the terminal functional groups. The crystal structure of
compound 8, shown at the bottom, illustrates this difference: the edge-to-
face interaction labelled a involves the amide oxygen as the H-bond
acceptor and close contact between the benzoyl a proton and the face of
the aniline ring, while the interaction labelled b involves the amide NH as
the H-bond donor and close contact between the benzoyl b proton and the
face of the aniline ring.


differ in the orientation of the H-bonds. The X-ray crystal
structure of the model compound 8 suggests that this differ-
ence has a subtle effect on the relative geometries of the
interacting groups (Scheme 6b): for Conformer a, it is the a


proton of the benzoyl group that is closest to the aniline ring,
whereas in Conformer b, it is the b proton that is closest to the
aniline ring. These conformational equilibria are present in all
complexes that involve nonsymmetric components. However,
the only real difference is a slight rotation of the terminal
functional groups, and for the purposes of this study, we
assume that such a subtle change has a negligible effect on the
aromatic interaction. In fact, what the double-mutant cycle
measures is a Boltzmann weighted average of the interaction
energies for the two different geometries.


We can construct a double-mutant cycle that avoids all of
these conformational problems by using symmetric com-
pounds to measure the sum of the two terminal aromatic
interactions (Scheme 7). For this system, although the pattern
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Scheme 7. A chemical double-mutant cycle for determining the magnitude
of both terminal aromatic interactions in Complex A (1 ´ 4). The complexes
in this cycle contain only symmetrical compounds, and so the problems of
conformational equilibria are avoided.


of Dd values in the core of the complex is maintained on
mutation, the magnitudes of the changes differ significantly.
The Dd values for the isophthaloyl proton a in complexes
involving 3 are low (d�ÿ0.8) relative to the complexes
involving 1 (d�ÿ1.6). This suggests a subtle change in
structure associated with the aniline to hexyl mutation.
However, the double-mutant cycle is specifically designed to
factor out such effects, because two of the complexes involve
the hexyl derivative 3 and two involve the aniline derivative 1.
For example, the change in the free energy of the core of the
complex associated with the vertical aniline to hexyl mutation
in Scheme 7 appears in the term DGAÿDGC as well as in the
term DGBÿDGD. The difference in these two terms is what
we use to obtain the functional group interaction energy,
DDG, and so the thermodynamic effects of the subtle differ-
ences in conformation cancel out.
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In order to check that the variation in the Dd values really
does represent a subtle conformational change rather than
some dramatic rearrangement of the structure that would
invalidate the double-mutant cycle, we used the chemical-shift
data and NOEs to determine the three-dimensional solution
structure of Complex 3 ´ 4, which shows the largest deviations
from the values observed for Complex 1 ´ 4.[5] The NMR
structures of the 3 ´ 4 and 1 ´ 4 complexes are compared in
Figure 1. The structures are very similar, with two H-bonds
and the isophthaloyl group docked into the centre of the
bisaniline pocket. Figure 1b highlights the major difference
between the two structures that causes the variation in the Dd


values for the isophthaloyl protons. In the 1 ´ 4 complex, the
2,6-diisopropyl anilines form a groove into which the benzoyl
groups fit snugly. Removing this steric restriction appears to
give the 3 ´ 4 complex more flexibility, so that the isophthaloyl
group can tilt out of the bisaniline pocket while maintaining
the two H-bond interactions. The NMR structure-determi-
nation method produces a single structure that best matches
the experimental Dd values, but in reality the observed Dd


values are a weighted average of all conformations present.
The tilting of the isophthaloyl group in the bisaniline pocket is
most likely a dynamic process, and the tilted structure in
Figure 1b represents a time-averaged displacement from the
symmetric, flat conformation.


Thus the structures of the complexes in Scheme 7 are
suitable for the double-mutant cycle approach. By using the
free energies of complexation in Table 1, the sum of the two
terminal aromatic interactions is evaluated as 2.5�
0.6 kJ molÿ1 in chloroform. The potential energy surface for
aromatic interactions of this type is rather flat, and so it is
unlikely that the a and b interactions in Scheme 6 differ
significantly. If we assume that there is no difference, the
magnitude of one edge-to-face
aromatic interaction in this sys-
tem is ÿ1.3� 0.3 kJ molÿ1. This
is a weak interaction, but as we
have shown, it is very sensitive
to substituent effects.[4c, 8]


If we consider all possible
complexes that can be formed
from compounds 1 ± 6, we can
construct a 3� 3 grid of mutant
complexes based on 1 ´ 4 (Fig-
ure 2). As long as we avoid the
central 2 ´ 5 complex that suffers
from the conformational prob-
lems illustrated in Scheme 5, it
is possible to construct a range
of four component double-mu-
tant cycles from this grid. The
Dd values in Table 1 show that
the structures of the cores of the
complexes are essentially iden-
tical in all nine systems as dis-
cussed above. The 3� 3 grid in
Figure 2 produces two new dou-
ble-mutant cycles that give the
magnitude of one edge-to-face


interaction as ÿ1.6� 0.4 kJ molÿ1 and ÿ1.4� 0.5 kJ molÿ1 as
indicated. These new cycles both involve the use of a
nonsymmetric compound, and so there is an ambiguity caused
by the a ± b conformational equilibrium (Scheme 6). The
measurements therefore represent a Boltzmann average of


G = -1.6 ± 0.4 kJ mol-1 G = -1.4 ± 0.5 kJ mol-1 G/2 = -1.3 ± 0.3 kJ mol-1


-9.5 -6.9 -6.0


-7.3 -5.6 -5.2


-6.6 -5.6 -5.6


a)


b)


Figure 2. a) Schematic representation of the 3� 3 grid of all possible complexes which can be formed from
compounds 1 ± 6. The free energies of complexation in kJmolÿ1 are indicated. b) The boxes highlight three
double-mutant cycles that can be extracted from this grid avoiding the central 2 ´ 5 complex, which is
conformationally unstable. The magnitude of the benzoyl ± aniline edge-to-face aromatic interaction determined
by using each cycle is shown.


Figure 1. The NMR solution structures of complexes 1 ´ 4 (pale) and 3 ´ 4
(dark). These structures were calculated by using the experimental Dd


values in Table 1 and intermolecular NOEs from ROESY experiments.
a) An overlay of the two structures. Only the first CH2 group of the hexyl
chain was used in the calculation, because the changes in chemical shift for
the other chain protons were small. The hexyl group is, in any case,
conformationally flexible and unlikely to adopt an ordered structure. The
conformation of the cyclohexyl group is not defined by the calculation,
since there are no complexation-induced changes in chemical shift for these
protons. b) An orthogonal view of the complex showing only the
isophthaloyl and bisaniline groups. This highlights the major difference
between the two structures: the tilting of the isophthaloyl group out of the
bisaniline pocket in the 3 ´ 4 complex.
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the interactions in these two conformations in the relevant
complexes. However, the final values for the aromatic
interaction energy agree well with the interaction measured
in the symmetric cycle; this suggests that this is not a serious
problem, that is the conformational equilibrium in Scheme 6
does not have a significant effect on the aromatic interaction
energy.


We now return to the double-mutant cycle in Scheme 1, and
the problems encountered with the conformational equilibria
in Complex D (the 2 ´ 5 complex). If we take a closer look at
Scheme 5, it is clear that the interactions involved on the two
sides of the conformational equilibrium are identical to the
interactions the double-mutant cycle is used to quantify.
Conformer 2 features the aromatic interaction of interest
found in Complex A as well as the interactions found in the
double-mutant, Complex D, whereas Conformer 1 contains
the two interactions found in the single mutants, Complexes B
and C. Thus the four complexes used to predict the Dd values
for the 2 ´ 5 complex might also be useful for predicting the
free energy difference between Conformers 1 and 2 [Eq. (7)].


2(DG2ÿDG1)� {DG(1 ´ 4) � DG(3 ´ 6)}ÿ {DG(3 ´ 4) � DG(1 ´ 6)} (7)


However, the sum in Equation (7) is identical to the sum
used in Scheme 7 to evaluate the aromatic interaction in the
symmetric double-mutant cycle. Thus the free energy differ-
ence between Conformer 1 and Conformer 2 corresponds to
the DDG for one aromatic interaction evaluated in a double-
mutant cycle. It is therefore possible to draw up a set of
simultaneous equations that can be used to obtain another
independent measure of the aromatic interaction in this
system by using the double-mutant cycle shown in Scheme 1.
If we knew the stability of Conformer 2 for the 2 ´ 5 complex
(DG2), the double-mutant cycle equation could be applied as
follows:


Aromatic interaction in Complex A�DDG
� DG(1 ´ 4)ÿDG(2 ´ 4)ÿDG(1 ´ 5) � DG2 (8)


However, the experimentally determined free energy of
complexation of the 2 ´ 5 complex reflects the population-
weighted average of Conformers 1 and 2 (c1 and c2).


DG(2 ´ 5)� c1DG1 � c2DG2 (9)


But


DG2ÿDG1�DDG�Aromatic interaction in Complex A (10)


Therefore


c2/c1� eÿDDG/RT (11)


By using


c2 � c1� 1 (12)


c2�
eÿDDG=RT


1 � eÿDDG=RT
and c1�


1


1 � eÿDDG=RT
(13)


Substituting into Equation (9) and rearranging gives


DG2�DG(2 ´ 5) � DDG/(1� eÿDDG/RT) (14)


Substituting into Equation (8) and rearranging, the double-
mutant cycle equation for this system becomes


DDGÿ DDG


1 � eÿDDG=RT
�DG(1 ´ 4)ÿDG(2 ´ 4)ÿDG(1 ´ 5) � DG(2 ´ 5) (15)


There is no analytical solution to this equation for DDG, but
for a given set of DDG values, it is straightforward to construct
a look-up table of DDGÿDDG / (1 � eÿDDG/RT) values. This is
the free energy that is obtained from the double-mutant cycle
by assuming there is no problem of conformational equilibria.
Thus we can experimentally determine the apparent aromatic
interaction energy by using:


DDGexpt�DG(1 ´ 4)ÿDG(2 ´ 4)ÿDG(1 ´ 5) � DG(2 ´ 5) (16)


and then use the look-up table to find the actual value of
DDG. There is an error in the value of DDGexpt that differs
from the actual interaction energy by DDG / (1 � eÿDDG/RT).
Figure 3 shows the variation of this error as a function of


Figure 3. The error in the magnitude of DDGexpt evaluated in the double-
mutant cycle shown in Figure 1 and caused by the conformational
equilibrium in the 2 ´ 5 complex shown in Figure 2. DDG is the true value
of the edge-to-face aromatic interaction.


DDG. When DDG� 0, DG1�DG2 , and so there is no error
caused by the presence of a 50:50 mixture of these two
degenerate species. As DDG increases, the error increases till
it reaches a maximum value of ÿ0.8 kJ molÿ1, when DDG�
ÿ3.7 kJ molÿ1. As DDG increases further, the error drops
again, because Conformer 2 becomes much more stable than
Conformer 1, and the small amount of Conformer 1 present
represents a minor perturbation to the system. For this
system, DDGexpt is ÿ0.9� 0.4 kJ molÿ1, the error is 0.5�
0.2 kJ molÿ1, the populations of Conformers 1 and 2 for the
2 ´ 5 complex are 36 % and 64 %, respectively, and DDG, the
edge-to-face aromatic interaction in Complex A, is ÿ1.4�
0.6 kJ molÿ1. This value agrees extremely well with the values
obtained from the other three double-mutant cycles discussed
above.
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Finally, we return to the question of whether the mutated
functional groups, the hexyl and tert-butyl groups, interact
with the adjacent aromatic rings. There is evidence in the
literature that tert-butyl groups can show significant inter-
actions with the faces of aromatic rings, and clearly this would
cause problems with the approach described here.[3l] We
therefore prepared the corresponding acetyl compound, 7, in
order to quantify this effect directly. Scheme 8 shows the
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Scheme 8. A chemical double-mutant cycle for determining the magnitude
of the interaction of a tert-butyl group with the face of the aromatic ring in
the 1 ´ 5 complex.


double-mutant cycle used to quantify the tert-butyl aromatic
interaction in this system. The association constants obtained
by using compound 7 are almost identical to those obtained
for compound 5, and the Dd values are very similar; this
indicates that there is no change in the structures of the
complexes (Table 1). The double-mutant cycle in Scheme 8
yields a value of ÿ0.1� 0.4 kJ molÿ1 for the tert-butyl-
aromatic interaction in this system, so the aromatic to tert-
butyl mutation is appropriate for quantifying aromatic
interactions as described above.


Conclusion


We have a developed a chemical double-mutant cycle
approach to quantifying weak noncovalent interactions. The
method works well for edge-to-face aromatic interactions, as
described above. By using a series of double-mutant cycles, we
have been able to quantify the benzoyl-diisoproyl aniline
interaction in chloroform in the zipper Complex 1 ´ 4 in four
different ways, and the results are remarkably consistent:
ÿ1.3� 0.3, ÿ1.6� 0.4, ÿ1.4� 0.5 and ÿ1.4� 0.6 kJ molÿ1,
which yields an average value of ÿ1.4� 0.5 kJ molÿ1. Al-
though there are some limitations of the method, many of the
potential errors are removed in the double-mutant cycle. The
NMR titrations were carried out under similar conditions for


each compound; this means systematic errors cancel out. For
example, the thermodynamic consequences of subtle changes
in conformation cancel out if they occur in pairs as discussed
for the 3 complexes above. Problems are only encountered
when single complexes behave differently from the other
three in a cycle, as explained for the 2 ´ 5 complex that has a
different symmetry from the rest. The values of interaction
energy determined here are free energies, but implicit in the
approach is an assumption that they relate to the enthalpy of
interaction and that entropy changes cancel in the cycles. This
ignores the consequences of entropy ± enthalpy compensa-
tion,[6] but further experiments are required to quantify the
magnitude of this effect. Armed with this methodology, we
are in a position to tackle quantitative structure ± activity
relationships for a range of noncovalent interactions.[8]


Experimental Section


The preparation of 1, 2a and 4 have been described previously.[9] All
reagents were purchased from Aldrich and used without further purifica-
tion.


Compound 2 : Compound 2a (0.50 g, 1.45 mmol) was dissolved in dry
dichloromethane (10 mL), and this solution was added dropwise to a stirred
solution of n-hexylamine (0.20 mL, 0.16 g, 1.6 mmol) and triethylamine
(0.11 mL, 0.08 g, 0.79 mmol) over a period of 10 mins. The reaction mixture
was stirred for a further 12 h. After workup with HCl (1m, 2� 20 mL),
NaOH (1m, 2� 20 mL) and brine (20 mL), the required product was
purified by recrystallisation from dichloromethane and petroleum-ether
(40 ± 60) yielding a white powder. Yield: 0.45 g, 75%; m.p. 203 ± 205 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 8.45 (s, 1 H), 8.05 (d, 2H),
7.95 (d, 2H), 7.64 (s, 1 H), 7.52 (t, 1H), 7.35 (t, 1 H), 7.22 (d, 2H), 6.43 (t, 1H),
3.45 (q, 2H), 3.11 (sept, 2 H), 1.60 (quint, 2 H), 1.34 (m, 6H), 1.20 (d, 12H),
0.89 (t, 2H); 13C NMR (250 MHz, CDCl3, 25 8C, CDCl3): d� 166.26, 166.10,
146.60, 135.66, 134.97, 133.10, 130.45, 130.17, 128.96, 128.18, 127.09, 118.29,
31.51, 29.54, 28.65, 26.66, 24.04, 23.77, 22.55, 14.40; FAB[�ve] m/z� 409
[M�H]� , C26H36N2O2 requires 408; elemental analysis calcd (%) for
C26H36N2O2: C 76.43, H 8.88, N 6.86; found C 76.17, H 8.97, N 6.80.


Compound 3 : n-Hexylamine (1.32 mL, 1.01 g, 0.010 mol) and triethylamine
(1.86 mL, 1.34 g, 0.013 mol) were taken up in dry dichloromethane (10 mL)
and stirred under argon. Isophthaloyl dichloride (1.02 g, 5.00 mmol) was
similarly dissolved in dry dichloromethane (10 mL) and transferred to a
dropping funnel. The acid chloride was added to the stirred amine solution
over a period of 5 min, and the mixture stirred for 12 h. After workup with
HCl (1m, 2� 20 mL), NaOH (1m, 2� 20 mL) and brine (20 mL), the
required product was purified by recrystallisation from dichloromethane
and petroleum-ether (40 ± 60) yielding a white powder. Yield: 1.45 g, 87%;
m.p. 164 ± 165 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 8.15 (s,
1H), 7.90 (d, J� 7, 2 H), 7.50 (t, 1H), 6.25 (t, 2 H), 3.45 (q, 4H), 1.61 (quint,
4H), 1.32 (m, 2 H), 0.90 (t, 6H); 13C NMR (250 MHz, CDCl3, 25 8C,
CDCl3): d� 166.88, 134.89, 129.92, 128.75, 125.16, 40.28, 31.48, 29.51, 26.67,
22.53, 14.03; FAB[�ve] m/z� 333 [M�H]� , C32H42N2O2 requires 332;
elemental analysis calcd (%) for C32H42N2O2: C 72.25, H 9.70, N 8.43: found
C 72.15, H 9.63, N 8.19.


Compound 5 a : Bis(aniline) 3 (6.76 g, 0.021 mol) and triethylamine
(0.30 mL, 0.21 g, 0.21 mmol) were taken up in dry dichloromethane
(40 mL) and stirred at room temperature under argon. 4-tert-Butylbenzoyl
chloride (0.39 mL, 0.41 g, 0.21 mmol) was similarly dissolved in dry
dichloromethane (80 mL), transferred to a dropping funnel and added
dropwise to the amine solution over a period of 3 h. After being stirred for
12 h, the reaction mixture was extracted with HCl (5m, 2� 100 mL). The
aqueous fractions were combined, neutralised by the addition of NaOH
pellets and extracted with dichloromethane (2� 100 mL). After drying
over anhydrous MgSO4 the solvent was removed by evaporation under
reduced pressure. The fine white powder isolated after crystallisation from
dichloromethane with petroleum ether (40 ± 60) was shown to be the
required product. Yield: 0.81 g, 80 %; m.p. 257 ± 259 8C; 1H NMR
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(250 MHz, CDCl3, 25 8C, TMS): d� 7.84 (d, 2H), 7.52 (d, 2H), 7.26 (s, 1H),
7.01(s, 2H), 6.86(s, 2 H), 2.22 (s, 6 H), 2.16 (s, 6H), 2.22 ± 2.16 (br m, 4H),
1.60 ± 1.40 (br m, 6H), 1.36 (s, 9 H); 13C NMR (250 MHz, CDCl3, 25 8C,
CDCl3): d� 176.75, 165.83, 152.54, 147.10, 135.07, 134.89, 131.94, 131.44,
128.84, 126.93, 126.85, 121.23, 111.07, 45.35, 39.17, 37.13, 27.77, 26.41, 22.93,
18.91, 18.66; FAB[�ve] m/z� 483 [M�H]� , C33H42N2O requires 482;
elemental analysis calcd (%) for C33H42N2O: C 82.11, H 8.77, N 5.80; found
C 81.70, H 8.68, N 6.02.


Compound 5 : Trimethylacetyl chloride (0.091 mL, 0.089 g, 0.74 mmol) in
dry dichloromethane (2 mL) was added over 10 mins to a stirred
suspension of compound 5 a (0.30 g, 0.62 mmol) and triethylamine
(0.10 mL, 0.075 g, 0.74 mmol) in dry dichloromethane (5 mL). After
15 min, the suspension had dissolved and the reaction mixture was stirred
for a further 10 mins before workup with HCl (1m, 2� 10 mL), NaOH (1m,
2� 10 mL) and brine (10 mL). The white solid resulting after evaporation
of the solvent under reduced pressure was purified by medium-pressure
chromatography with dichloromethane eluant. Compound 5 was isolated as
a white solid after recrystallisation from dichloromethane and petroleum
ether (40 ± 60). Yield: 0.24 g, 68%; m.p. 186 ± 187 8C; 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d� 7.83 (d, 2 H), 7.50 (d, 2 H), 7.40 (s, 1H), 7.00 (s, 2H),
6.98 (s, 2 H), 6.90 (s, 1 H), 2.28 ± 2.19 (br m, 4 H), 2.20 (s, 6H), 2.15 (s, 6H),
1.60 ± 1.40 (br m, 6 H), 1.37 (s, 9H),1.30 (s, 9H); 13C NMR (250 MHz,
CDCl3, 25 8C, CDCl3): d� 176.58, 165.76, 155.21, 147.50, 146.97, 134.93,
134.83, 131.77, 131.34, 127.09, 126.99, 125.64, 53.45, 45.39, 39.23, 37.09, 31.18,
27.80, 26.34, 22.88, 18.88, 18.67; FAB[�ve] m/z� 567 [M�H]� , C38H50N2O2


requires 566; elemental analysis calcd (%) for C38H50N2O2 ´ 0.5H2O: C
79.26, H 8.93, N 4.86; found C 79.51, H 8.79, N 4.80.


Compound 6 : Trimethylacetyl chloride (1.15 mL, 1.12 g, 9.3 mmol) was
added to a stirred solution of bisaniline (1.00 g, 3.1 mmol) and triethyl-
amine (0.45 mL, 0.34 g, 3.1 mmol) in dry dichloromethane (20 mL). The
reaction mixture was stirred for 12 h before workup with HCl (1m, 2�
20 mL), NaOH (1m, 2� 20 mL) and brine (20 mL). After drying over
anhydrous MgSO4, the solvent was removed under reduced pressure. The
product was passed through a silica plug with dichloromethane eluant prior
to recrystallisation from dichloromethane and petroleum ether (40 ± 60)
which yielded a white powder. Yield: 1.26 g, 83 %; m.p. 265 ± 267 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 6.90 (s, 4H), 6.74 (s, 2H), 2.17
(br m, 4 H), 2.12 (s, 12H), 1.45 ± 1.60 (br m, 6H), 1.32 (s, 18H); 13C NMR
(250 MHz, CDCl3, 25 8C, CDCl3): d� 176.6, 147.0, 134.8, 126.9, 45.4, 39.1,
37.2, 27.7, 26.4, 22.9, 18.6; FAB[�ve] m/z� 490 [M�H]� , C32H46N2O2


requires 489; elemental analysis calcd (%) for C32H46N2O2: C 78.32, H
9.45, N 5.71; found C 78.30, H 9.72, N 5.50.


Compound 7: Compound 5 a (0.37 g, 0.77 mmol) and glacial acetic acid
(0.043 mL, 0.046 g, 0.77 mmol) were suspended in dry dichloromethane
(10 mL) and cooled to 0 8C in an ice bath. After the mixture had been
stirred for 15 mins, 1.3 equivalents of EDC were added, and the reaction
mixture was stirred for 12 h. The mixture was washed with HCl (1m, 2�
20 mL), NaOH (1m, 2� 20 mL) and brine (20 mL), and the solvent was
removed under reduced pressure to yield a brown oil, which was purified by
medium pressure chromatography with dichloromethane eluant. The
required product 7 was isolated as a white powder after recrystallisation
from dichloromethane and petroleum ether (40 ± 60). Yield: 0.21 g, 53%;
m.p. 164 ± 166 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 9.55 (s,
1H), 9.09 (s, 1H), 7.90 (d, 2H), 7.54 (d, 2H), 7.07 (s, 2H), 7.00 (s, 2H), 2.32 ±
2.20 (br m, 4H), 2.20 (s, 6 H), 2.10 (s, 6H), 2.00 (s, 3 H), 1.60 ± 1.40 (br m,
6H), 1.32 (s, 9H); 13C NMR (250 MHz, [D6]DMSO, 25 8C, CDCl3): d�
168.31, 165.27, 154.72, 146.83, 135.60, 134.98, 133.17, 132.12, 127.76, 126.55,
126.30, 125.68, 45.13, 36.61, 35.12, 31.42, 26.26, 23.03, 19.01, 18.94;
FAB[�ve] m/z� 525 [M�H]� , C35H44N2O2 requires 524.


NMR binding experiments : 1H NMR dilution experiments were used to
check whether dimerisation of compounds 1 ± 7 was significant at the
concentrations used. All dimerisation constants are less than 1mÿ1 and so do
not affect the titrations to any extent. A 3.0 mL sample of host of known
concentration (2 ± 5mm) was prepared in CDCl3. 0.8 mL of this solution
was removed, and a 1H NMR spectrum was recorded. An accurately
weighed sample of the guest was then dissolved in the remaining 2.2 mL of
host solution. This solution was almost saturated with guest (100 ± 200 mm),
to allow access to as much of the binding isotherm as possible (50 ± 80%
saturation was achieved), and contained host so that the host concentration
remained constant during the titration. Aliquots of guest solution were
added successively to the NMR tube containing the host solution, the tube


was shaken to mix the host and guest solutions, and the 1H NMR spectra
were recorded after each addition. For signals that moved more than
0.01 ppm, the chemical shifts at all concentrations of guest were recorded
and analysed by using purpose-written software, NMRTit HG, on an Apple
Macintosh microcomputer.[10] This programme fits the data to a 1:1 binding
model to yield the association constant, the bound chemical shifts in the
HG complex and, if required, the free chemical shifts of the unbound
species. All titrations were repeated at least three times and, where
possible, the identities of the host and guest were reversed in order to
obtain accurate Dd values for both binding partners. Where this was not
possible, the binding constant determined by fitting the host signals was
fixed, and NMRTit HG was used to analyse the changes in the guest signals
to extract the bound-guest chemical shift. The mean association constant
for each experiment was evaluated as the weighted mean (based on the
observed change in chemical shift) of the association constants for the
individual signals monitored. The error was taken as twice the standard
error. The values of Ka quoted in Table 1 are the average values and errors
from at least three separate experiments. Two-dimensional ROESY spectra
were recorded on a Bruker AMX 2-400 by using a 300 ms mixing time and a
3 s delay between pulses.


NMR Structure Determination : The method used to determine three-
dimensional structures from complexation-induced changes in chemical
shift and its application to determining the structure of Complex 1 ´ 4 has
been described in detail elsewhere.[5] The conformational search for
Complex 3 ´ 4 was carried out by using the same procedure. The hexyl
chains of 3 were replaced by methyl groups, and the structure was
minimised by using the MM3 force-field in Macromodel.[11] Compound 4
was also constructed in Macromodel and energy minimised by using the
MM3 force-field. A genetic algorithm was used to optimise the conforma-
tion of the complex so that the calculated Dd values matched the
experimental values as closely as possible (Table 1). We allowed intermo-
lecular translation (�10 �) and rotation (�1808) as well as intramolecular
torsional changes (�1808) for all single bonds in both molecules (excluding
the amide CÿN bonds and the cyclohexyl group). The experimentally
observed intermolecular NOEs between j and a and b were used to restrict
the search space. Van der Waals clashes were penalised at distances of less
than 3 � for intermolecular clashes and 2 � for intramolecular clashes for
nonhydrogen atoms. The search converged to values of Rexpt/RDd of 9.0 in
about 2000 generations for a population of 200 (Rexpt is the root mean
square Dd of the experimentally observed Dd values, and RDd is the RMS
difference between the calculated and experimental values).
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A Supramolecular System for Quantifying Aromatic Stacking Interactions
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Abstract: A supramolecular complex
for investigating the thermodynamic
properties of intermolecular aromatic
stacking interactions has been devel-
oped. The conformation of the complex
is locked in a single well-defined con-
formation by an array of H-bonding
interactions that force two aromatic
rings on one end of the complex into a
stacked geometry. Chemical double-mu-
tant cycles have been used to measure
an anthracene ± aniline interaction
(�0.6� 0.8 kJ molÿ1) and a pentafluoro-


phenyl ± aniline interaction (ÿ0.4�
0.9 kJ molÿ1) in this system. Although
the interactions are very weak, the
pentafluorophenyl interaction is attrac-
tive, whereas the anthracene interaction
is repulsive; this is consistent with the
dominance of p-electron electrostatic


interactions. The nitropyrrole subunits
used to control the conformation of
these complexes lead to problems of
aggregation and multiple conformation-
al equilibria. The implications for the
thermodynamic analysis are examined
in detail, and the double-mutant-cycle
approach is found to be remarkably
robust with respect to such effects, since
systematic errors in individual experi-
ments are removed in a pair-wise fashion
when the cycle is constructed.


Keywords: aromatic stacking ´
double-mutant cycle ´ hydrogen
bonds ´ molecular recognition ´ pi
interactions


Introduction


The process of molecular recognition is governed by non-
covalent interactions, and the development of simple model
systems to investigate the properties of these interactions has
been a major thrust of research in supramolecular chemistry.
One important class of intermolecular interactions is aromatic
stacking.[1] The classic example is base stacking in DNA,[2±4]


but stacking interactions between aromatic side chains are
also found in proteins and play an important role in
determining the fold of a protein and the substrate recog-
nition properties.[5±7] Supramolecular chemists have exploited
aromatic stacking interactions for substrate recognition by
synthetic receptors and in template-directed synthesis of
complex molecules.[9±20] The packing of aromatic molecules in
the solid state, and hence the physical properties of these
materials, is to some extent determined by stacking inter-
actions.[21±24] Theoretical calculations have yielded some in-
sight into the nature of aromatic interactions,[25±32] and there


have been various attempts to quantify the interactions by
using synthetic supramolecular systems.[33±38] Experimental
data on the thermodynamics of noncovalent interactions are
essential if we are to develop reliable computational methods
for predicting the behaviour of complex molecular sys-
tems.[39±41] We have developed an experimental method for
measuring intermolecular interactions using chemical double-
mutant cycles, and this has been successfully applied to edge-
to-face aromatic interactions.[42, 43] We present here the design
and realisation of a supramolecular system for measuring
aromatic stacking interactions.


Results and Discussion


Design and Synthesis : The starting point for the development
of a system to measure stacking interactions was the 1 ´ 2
complex previously used to measure edge-to-face interactions
(Scheme 1).[43±46] To introduce stacking interactions into this
system, the benzoyl rings must be rotated through 908, so that
they lie parallel to the aniline ring as shown in Scheme 2.
Substituents ortho to the carbonyl group force such a
conformation, so anthracene was chosen as it has such a large
aromatic surface that the aniline ring will be forced to sit over
it, even if the stacking interaction is repulsive.


We have previously used X-ray crystal structures of simple
model compounds to probe the geometry of the terminal
aromatic interaction in edge-to-face zipper complexes. For
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example, 3 forms a H-bonded polymer with head-to-tail
packing; this gives edge-to-face aromatic interactions
throughout the structure (Scheme 1b). Closer examination
of this structure reveals that there are actually two different
aromatic interactions present: one in which the benzoyl
carbonyl oxygen is a H-bond acceptor (a) and one in which
the benzoyl amide is a H-bond donor (b). This difference is
also manifest in different interactions on the two ends of the
zipper complex in Scheme 1a.[43] Although the difference in
the geometry of the edge-to-face interactions is very subtle, it
becomes much more significant for stacking interactions.
X-ray crystal structures of model compounds were used to
probe the feasibility of the proposed aromatic stacking
interactions in the complexes in Scheme 2. The coupling
product 8 of 9-anthranoyl chloride and 2,6-diisopropylaniline
was synthesised (Scheme 3) and crystallised. In the X-ray
crystal structure, the molecules are arranged in H-bonded


chains as expected, but there is
a mixture of head-to-tail
and head-to-head orientations
(Scheme 4a). The aromatic
rings are all approximately par-
allel, but the only true stacking
interaction is an anthracene ±
anthracene interaction in the
head-to-head pairs. The steric
bulk of the isopropyl substitu-
ents prevents close parallel
stacking of the anthracene with
the aniline rings. Replacement
of the isopropyl substituents
with methyl groups (9,
Scheme 3) removes the steric
bulk, but in the crystal structure
of this compound, the mole-
cules all sit in a head-to-head
arrangement with only anthra-
cene ± anthracene and aniline ±
aniline stacking interactions
(Scheme 4b).


In an attempt to favour a
head-to-tail arrangement, com-
pound 10 was synthesised
(Scheme 3), because the litera-
ture suggests that perfluorinat-
ed rings stack exceptionally
well with hydrocarbon
rings.[23, 24, 47, 48] A head-to-tail
arrangement was indeed ob-
tained, but the crystal structure
showed three different aromat-
ic interactions (Scheme 4c). By
analogy with the structure of 3
in Scheme 1b, these interac-
tions are labelled a, b1 and b2.
The a interaction is the desired
pentafluorophenyl ± anthracene
stacking interaction and in-
volves a H-bond between the


aniline amide NH and the anthracene carbonyl oxygen. In the
two b interactions, the anthracene amide NH is the H-bond
donor, and the aromatic rings are arranged in an edge-to-face
geometry. In the head-to-tail packing arrangement, the b


H-bond geometry does not allow aromatic stacking to take
place: the aromatic rings must either be parallel and separated
by about 5 �, or they can be in close contact but not parallel.
In contrast, the a H-bond geometry is perfectly adapted
for aromatic stacking. This has important implications for the
way in which these interactions are translated into the
complexes in Scheme 2. Only the a H-bond geometry will
result in a stacking interaction, and therefore we require
unsymmetrical complexes, in which it is possible to control
and distinguish the interactions on the a and b ends of the
complex.


We have previously found that replacing the benzoyl group
in the 1 ´ 2 complex with pyrrole gives rise to two bifurcated


Scheme 1. a) Zipper complex 1 ´ 2 used to measure the terminal edge-to-face aromatic interaction in solution.
b) Model compound 3 used to probe the geometry of this interaction in the solid state. Three molecules from the
X-ray crystal structure of 3 are shown. The a and b interaction geometries are labelled.


Scheme 2. Candidate complexes for measuring an aromatic stacking interaction.







Stacking Interactions 4863 ± 4878


Chem. Eur. J. 2001, 7, No. 22 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4865 $ 17.50+.50/0 4865


H-bonds to the adjacent carbonyl oxygen, and this approach
appears ideal for locking the conformation of the complex at
the b end.[49] The principle is illustrated for the 11 ´ 7 complex
in Scheme 5. When the anthracene ± aniline interaction of
interest is in the a geometry, there are two bifurcated H-bonds
between the pyrrole and amide NH groups and the adjacent
carbonyl oxygen; when the anthracene ± aniline interaction is
in the b geometry, there is only one H-bond between the
aniline amide NH and the pyrrole carbonyl oxygen. This
should significantly favour the conformation with the a


stacking interaction over the b geometry in which the relevant
aromatic rings are remote. We decided to bias the system
further by incorporating a nitro group in the 4-position of the
pyrrole to increase the H-bond donor strength of the pyrrole
and amide NHs and stabilise the a conformation. Compounds
11 and 7 were synthesised according to Schemes 6 and 7,
below. 4-Nitropyrrole-2-carbonyl chloride 15 was prepared
according to a procedure described by Morgan and Morrey.[50]


Mucobromic acid 12 was treated with sodium nitrite to form
sodium malondialdehyde 13[51] (Scheme 6). Condensation of
13 with glycine ethyl ester resulted in ethyl 4-nitropyrrole-2-
carboxylate (14) which was subsequently hydrolysed to the


corresponding acid. This was converted to the acid chloride 15
by treatment with oxalyl chloride. The synthesis of 16 has
been previously described.[52] This was coupled with 0.2 equiv-
alents of anthranoyl chloride to give the monosubstituted
product 17, which was coupled with 4-nitro-pyrrole-2-carbonyl
chloride 15 to give 11.


The isophthaloyl derivative 7 was synthesised by treating
isophthaloyl dichloride with a large excess of pentafluoroani-
line over 6 days (Scheme 7). Compound 7 was scarcely soluble
in CDCl3. Compound 11 has a solubility of about 0.5 mm in
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Scheme 3. Synthesis of the variously substituted compounds 8, 9 and 10 in
an attempt to regulate stacking in H-bonded chains.


Scheme 4. a) Model compound 8 and the arrangement of three molecules
in the X-ray crystal structure. Both head-to-tail and head-to-head arrange-
ments of the aromatic substituents are observed. b) Model compound 9 and
the arrangement of three molecules in the X-ray crystal structure. Only
head-to-head interactions are found for the aromatic substituents. c) Model
compound 10 with the arrangement of three molecules in the X-ray crystal
structure. The molecules pack in a head-to-tail arrangement, giving the
desired anthracene ± aniline stacking interaction in the a geometry and
edge-to-face interactions in the two b geometries.


Scheme 5. Two possible conformations for complex 11 ´ 7. The a geometry anthracene ± aniline stacking interaction is favoured by the two bifurcated
H-bonds formed by the nitropyrrole amide.







FULL PAPER C. A. Hunter et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4866 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 224866


Br CHO


Br CO2H


CHO


O2N CHO


N


H


O2N


O


O
N


H


O2N


O


Cl


N


H


O


N
H


O
N


H


O2N


H2N N
H


O


H2N NH2


–  Na+


pyridine
80%


9-anthranoyl chloride
NEt3
55%


1. KOH
2. (COCl)2


   76%


glycine ethyl ester
NaOH
43%


NaNO2
44%


12


13


14 15


11


17


16


Scheme 6. Convergent synthesis of compound 11.


CDCl3, and even then precipitates after being in solution for
1 ± 2 h. Thus complex 11 ´ 7 proved unsuitable for NMR
titration experiments, and more soluble analogues were
required.


A new target complex 18 ´ 6 was therefore designed
(Scheme 8). A solubilising group 21 was added to the
cyclohexyl ring of 11 and the pentafluoroaniline in 7 was
replaced by 2,6-dimethylaniline. The X-ray structure ana-
logues suggest that the aniline ortho methyl groups will keep
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Scheme 8. Redesigned complex 18 ´ 6 for measuring aromatic stacking
interactions. The proton labelling scheme is shown.


the rings in a stacked conformation, but the problems of the
steric bulk associated with the isopropyl groups are almost
eliminated. Schemes 9 and 10 show the relevant synthetic
routes. Compound 21 was prepared from propyl gallate 19
according to Scheme 9. Compound 22 was prepared by
heating 2,6-dimethylaniline and N-acetyl-4-piperidone in
concentrated HCl under reflux. Protection of the aliphatic
amine of 22 with benzylchloroformate in methanol gave 23,
which was then sequentially coupled with the anthracene and
nitropyrrole acid chlorides. The protecting group was re-
moved by using trimethylsilyl iodide according to a procedure
described by Stammer.[53] The intermediate piperidine was
extremely insoluble and was used without purification in a


carbodiimide coupling with 21
to give the desired product 18.
The isophthaloyl derivative 6
has previously been described,
but the synthesis is outlined in
Scheme 7.[46]


Binding studies : 1H NMR dilu-
tion experiments indicate that 6
has a dimerisation constant
Kd� 1mÿ1, but since 6 was used
as the host at millimolar con-
centrations in the 1H NMR ti-
tration experiments, the effects
of dimerisation are negligi-
ble.[46] However, 18 was used
as the guest at much higher
concentrations, and 1H NMR
dilution experiments with 18
showed very large changes in
chemical shift. The dilution da-
ta were fitted to both a dimer-
isation model and an aggrega-
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tion model, but there is little difference in the results because
at the concentrations of interest, the extent of interaction is
small. The maximum percentage bound is 30 %; this means
that even if aggregation is the mode of association, the
predominant species is dimer. From the dimerisation model,
Kd� 13� 2mÿ1 for 18. The limiting dimerisation-induced
changes in chemical shift (Dd) are shown in Table 1. The
magnitudes of the Dd values imply that the main site of
dimerisation is the nitropyrrole moiety. The Dd values suggest
that a bifurcated hydrogen bond is present, because there are
large downfield shifts for the pyrrole and pyrrole amide NHs
(Scheme 11a). In contrast, the X-ray crystal structure of the
precursor 25 shows a different conformation for the nitro-


N


O2N


H
N


O


H


N


O


H


N


O2N


H


N


O


H


N


NO2


H


N


O


H


a) b)


Scheme 11. a) The complexation-induced changes in 1H NMR chemical
shift indicate that the bifurcated H-bond motif is the principle mode of
dimerisation for 18 in CDCl3 solution. This stabilises the conformation in
which the pyrrole NH is anti to the amide carbonyl oxygen. b) The
H-bonding motif observed in the X-ray crystal structure of 25. The
conformation in which the pyrrole NH is syn to the carbonyl oxygen is
stabilised by intramolecular H-bonding interactions.


Table 1. Dimerisation constants Kd [mÿ1] and limiting dimerisation-induced changes in chemical shift (ppm) for compounds 18, 26 and 33 in CDCl3 at
300 K.[a]


Signal
Compound Kd p1 p2 p3 n1 n2 b1 b2 b3 b4 a1 a2 a3 a4 a5 m1


18 13� 2 3.0 ÿ 1.1 0.1 2.4 0.5 ÿ 0.4 0.3 ÿ 0.1 ÿ 0.2 ÿ 0.3 ÿ 0.2 ÿ 0.2 ÿ 0.2 ÿ 0.3 ±
26 20� 2 2.9 ÿ 0.7 nd[b] 2.0 1.1 nd[b] 0.1 ÿ 0.1 ÿ 0.2 ± ± ± ± ± ÿ 0.1
33 11� 2 6.5 ÿ 1.1 nd[b] 2.7 1.7 ÿ 0.2 ÿ 0.1 ÿ 0.1 ÿ 0.2 ± ± ± ± ± ±


[a] See Schemes 8, 11 and 12 for proton labelling schemes. [b] Not determined due to signal overlap throughout the experiment. There are no significant
changes in chemical shift for the signals due to the protons on the piperidine ring and solubilising group. Dilution experiments were repeated at least twice
and Kd is the weighted mean based on the observed change in chemical shift for all the signals monitored. The error is twice the standard error.
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Scheme 9. Synthesis of compound 21 from 19.


Scheme 10. Synthesis of compound 18.
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pyrrole (Figure 1): the pyrrole NH is oriented cis to the amide
carbonyl oxygen, and dimerisation occurs through two
intermolecular pyrrole NH-amide H-bonds (Scheme 11b
and Figure 1). This is almost certainly the lowest energy
conformation of the nitropyrrole amide moiety in the mono-
mer, because of intramolecular interactions between the


Figure 1. Three molecules from the X-ray crystal structure of 25. The
intermolecular stacking interaction between the anthracene and aniline is
highlighted. The dashed lines denote intramolecular H-bonds, and the
dotted lines denote intermolecular H-bonds.


pyrrole NH and amide carbonyl oxygen. In the solution
dimer, however, it appears that the high energy conformation,
that is when the pyrrole NH is anti relative to the amide
carbonyl oxygen, is stabilised by the bifurcated H-bonding
motif in Scheme 11a relative to the syn conformation. It is
encouraging to note that in the crystal structure of 25 there is
also an anthracene ± aniline stacking interaction in precisely
the arrangement we have designed into the 18 ´ 6 complex
(Figure 1).


The 1H NMR spectrum of 18 in deuterochloroform solution
is further complicated by the fact that we can detect
approximately 10 % of a second conformer that is in slow
exchange with the major species. The second conformer
differs in the chemical shifts of the signals due to p1 and p3,
which appear at d� 10.5 and 5.3, respectively, as compared
with d� 10.7 and 7.3 in the major conformer. These signals
were readily assigned based on chemical exchange cross-
peaks observed in a ROESY experiment. The rest of the
1H NMR spectrum does not appear to be affected by the
conformational change, and no other exchange cross-peaks
were observed. The minor conformer disappears in
[D6]DMSO, either due to an increase in the rate of exchange
or a decrease in the stability of the minor conformer. The
large upfield shift observed for p3 suggests that it sits over the
face of an aromatic ring in the minor conformer, and the syn-
cis conformation shown in Scheme 12 is the most likely
explanation. The edge-to-face interaction involving the very
polar p3 proton presumably compensates for the energy
required to isomerise the amide bond.


Thus there are four possible conformations for the pyrrole
amide moiety, which are illustrated in Scheme 12. The con-
formers differ in the geometry of the amide bond (cis or trans)
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Scheme 12. Four possible conformations for the nitropyrrole amide
moiety. The amide group can be cis or trans, and the pyrrole NH can be
syn or anti with respect to the carbonyl oxygen.


and the arrangement of the pyrrole NH relative to the amide
carbonyl group (syn or anti). The syn-trans conformation is
probably the most stable and is the conformation found in the
X-ray crystal structure of 25 (Figure 1). The anti-trans
conformation appears to be the predominant species involved
in dimerisation in solution. The syn-cis conformation is the
second minor conformer observed in the 1H NMR spectrum
(molecular-mechanics calculations suggest that this is actually
the lowest energy conformer). Exchange between syn and anti
is fast on the NMR timescale, whereas exchange between cis
and trans is slow, so it is not possible to rule out the presence
of the anti-cis conformer, but the chemical shifts of the minor
conformer suggest the syn-cis conformer is significantly more
populated (p3 is highly shielded and p1 is not). In the dilution
experiment, the ratio of the cis and trans conformers does not
change significantly, but the extent of dimerisation is probably
not enough to perturb the equilibrium. The signals due to p1
and p3 were not used in the determination of Kd for 18, so the
value measured in the dilution experiment is a weighted
average for all the species present.


The binding constant of the 6 ´ 18 complex was determined
by 1H NMR titration experiments. Compound 18 was titrated
into 6, and the host signals were fitted to a 1:1 binding
isotherm (Ka� 85� 7mÿ1). The data were also fitted to a
model that allowed for dimerisation of the guest, and this gave
a binding constant Ka� 63� 6mÿ1. Thus dimerisation of the
guest makes a detectable difference in the titration results,
and the significance of this in the double-mutant-cycle
analysis will be discussed later. The limiting complexation-
induced changes in chemical shift for formation of the 6 ´ 18
complex are shown in Figure 2 and Table 3. There are large
downfield shifts of the signals due to the pyrrole NH and the
pyrrole amide (p1 and n1) as well as for the signal due to the
amide of 6 (nh); these are indicative of H-bonding inter-
actions. The change in chemical shift for the signal due to the
anthracene amide (n2) is much smaller; this suggests that it is
not H-bonded. The large upfield shift for the signal due to p2
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Figure 2. Limiting 1H NMR complexation-induced changes in chemical
shift (ppm) and intermolecular NOEs observed for complex 6 ´ 18 in CDCl3


at 300 K.


of the pyrrole indicates that it sits over the face of an aromatic
ring, so the complex clearly adopts the conformation shown in
Figure 2 with 18 in the anti-trans conformation. The large
upfield shift observed for the isophthaloyl triplet (t) and
doublet (d) indicate that these protons lie over the face of
another aromatic ring. The small downfield shifts observed for
the signals due to the diarylmethane subunit (b1 ± b4) indicate
that the face of this ring interacts with the edge of another and
confirm that the expected edge-to-face interactions are
present in the core of the complex.[54] Finally, the upfield
shifts observed for all of the signals due to the anthracene of
18 and the aniline groups of 6 indicate that they are involved
in a face-to-face stacking interaction. Five intermolecular
NOEs were observed (Figure 2 and Table 2). The two b ± d
NOEs confirm that the isophthaloyl group is docked into the


bisaniline pocket in the core of the complex. The remaining
NOEs confirm that the nitropyrrole and anthracene both lie
over the aniline rings of 6.


In order to determine the effect of the minor conformer on
the titration results, two titrations were carried out with 18
and the more soluble isophthaloyl compound 28. In one
titration 28 was the host and in the other it was the guest. With
28 as the host, Ka� 49� 8mÿ1. With 18 as the host, the signals
for both the major and minor conformer could be followed
throughout the titration and separately fitted to a binding
isotherm that allowed for dimerisation of the host, but ignored
the fact that the proportions of cis and trans conformers
change during the titration. However, the guest was always
present in a very large excess, and so this approximation does
not affect the analysis. For the major trans conformer Ktrans�
70mÿ1 and for the minor cis conformer Kcis� 12mÿ1. At the
beginning of the experiment, the proportion of the cis


conformer is approximately 10 %, and the intensity of these
signals decreases during the titration until they are barely
detectable at the end. The results are summarised in
Scheme 13.
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Scheme 13. Summary of conformational equilibria for 18 and the complex
28 ´ 18. Kfree is the cis-trans equilibrium constant for uncomplexed 18. Ktrans


is the binding constant for the trans conformer of 18 with 28. Kcis is the
binding constant for the cis conformer of 18 with 28. Kbound is the
equilibrium constant for the cis-trans isomerism in the complex 18 ´ 28.


Integration of the two sets of signals in the 1H NMR
spectrum of uncomplexed 18 gives the cis-trans equilibrium
constant Kfree� 0.1 (the cis/trans ratio) and, using this value
with the two binding constants, we can calculate the cis-trans
equilibrium constant in the 18 ´ 28 complex, Kbound� 0.02 (cis/
trans ratio). Thus in the complex, the trans conformer is fifty
times more stable than the cis conformer, and, because
equilibration is fast on the timescale of the titration, the cis
conformer cannot be observed at the end of the titration when
saturation is reached. When 28 is the host, what we actually
measure is the weighted average of the Ktrans and Kcis


equilibrium constants. The cis-trans ratio does not change in
this experiment because 18 is always present in a large excess.
Thus, using the results in Scheme 13, we can predict an
expected value for the binding constant in the reverse
titration:


Ka� (70� 0.9) � (12� 0.1)� 63mÿ1


This explains why the association constant obtained from
the reverse titration is lower. The predicted value is based on
only one signal and, given the size of the errors involved, it is
in reasonable agreement with the value measured experi-
mentally, Ka� 49� 8mÿ1.


Double-mutant cycles : Despite the conformational complex-
ity of uncomplexed 18, these experiments show that this
molecule is suitable for use in a double-mutant cycle to


Table 2. Intermolecular NOEs observed in two-dimensional ROESY
experiments.[a]


Isophthaloyl Bisaniline compound
compound 18 28 33


6 p2-me, b1-d, b4-d, b1-d b1-d, b4-d
a1-me, a2-me


28 b1-d, b4-d, a1-nh b1-d, b4-d b1-d, b4-d


[a] Experiments were carried out on 1:1 mixtures of the two components at
the maximum concentration possible (3 ± 28mm). See Schemes 7, 8, 15 and
19 for the proton labelling schemes.
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measure the terminal aromatic
stacking interaction. The com-
plex adopts a single well-de-
fined geometry, and the nitro-
pyrrole provides a good b con-
formational lock forcing the a


conformation required for aro-
matic stacking interactions at
the other end of the complex.
The nitropyrrole component is
present in all four complexes in
the double-mutant cycle, and so
the thermodynamic consequen-
ces of the conformational equi-
libria in the uncomplexed state
discussed above will cancel out
in the analysis. In principle, the
magnitude of the terminal aro-
matic interaction in complex A
(6 ´ 18) in Scheme 14 can be
estimated by chemical muta-
tions which remove it: by com-
paring the stability of complex
A with complexes B or C, which
do not have the interaction
present. However, this assumes that the aromatic rings in
question make no other intermolecular interactions in com-
plex A and that the strength of the hydrogen bonds remains
constant when the aromatic to alkyl mutation is made. These
effects are quantified by using the double mutant, complex D.
For example, if we compare complexes C and D, the differ-
ence DGCÿDGD is a direct measure of the sum of the change
in hydrogen bond strength and secondary interactions made
by the anthracene group between complexes A and C. Thus
the free energy difference of the two horizontal mutations in


Scheme 14 allows us to dissect the interaction of interest from
the complicated array of weak interactions present in complex
A.


The N,N'-dimethylisophthaloyl diamide 27 was synthesised
according to Scheme 7 but was unsuitable for these experi-
ments due to its low solubility, so the dihexyl derivative 28 was
used instead. The synthesis of 28 has been described
previously and is also outlined in Scheme 7.[46] The synthesis
of 26 was carried out according to Scheme 15. Compound 23
was coupled with 4-nitropyrrole-2-carbonyl chloride (15). The
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acetyl group was added by a carbodiimide coupling reaction.
The product 30 was treated with TMSI to remove the
protecting group and then reacted with 21 by a carbodiimide
coupling to yield 26 in reasonable yield.


The dimerisation constant for 26 was determined by a
1H NMR dilution experiment (Kd� 20� 2mÿ1). The limiting
dimerisation-induced changes in chemical shift are shown in
Table 1. The results are very similar to those obtained for 18.
The largest changes in chemical shift are associated with the
pyrrole NH (p1) and the pyrrole amide (n1); this suggests the
same mode of dimerisation in solution: the bifurcated H-bond
motif shown in Scheme 11a. An X-ray crystal structure of the
cyclohexyl analogue 31 (Figure 3), which was synthesised
according to Scheme 16, shows that dimerisation in the solid
state again occurs through a doubly H-bonded dimer of the
pyrrole (cf Scheme 11b and Figure 1).


Figure 3. Three molecules from the X-ray crystal structure of 31. The
dashed lines denote intramolecular H-bonds, and the dotted lines denote
intermolecular H-bonds.
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Scheme 16. Synthesis of compound 31 from 16.


For 26 in CDCl3, there are three different signals due to p1
in the 1H NMR spectrum, these collapse to one signal in
DMSO. ROESY experiments show that all three p1 signals
are in chemical exchange, so it appears that there are three
conformers of 26 in CDCl3. p3 shows a second minor signal at
d� 5.5, which we attribute to the syn-cis geometry of the
pyrrole subunit (Scheme 12), and the population of this
conformer is 10 % as observed previously for 18. The new
third conformer is more highly populated (20%) and is


associated with a second signal due to n2 in the 1H NMR
spectrum. The n2 signal also collapses to one signal in DMSO,
so we attribute the third conformer to the cis form of the
acetamide. This conformational equilibrium does not affect
any other signals in the spectrum, although it is surprising that
it has an effect on p1. The conformer with both amides cis
cannot be detected, but it must only be present at a level of
about 2 %.


In order to determine the effect of these minor conformers,
two titrations were carried out with 26 and 28, one in which 28
was the host and one in which it was the guest. With 28 as the
host, Ka� 46� 6mÿ1. With 26 as the host, the signals for all
three conformers could be followed and separately fitted to a
binding isotherm that allowed for dimerisation of the host,
again ignoring the changes in the populations of the three
conformers, since the guest is present in a large excess. For the
major trans conformer p1 Ktrans� 64mÿ1, for the pyrrole cis
conformer Kcis-Pyr� 14mÿ1 and for the acetamide cis con-
former Kcis-Me� 6mÿ1. At the beginning of the experiment, the
proportion of the pyrrole cis conformer is 10 % and the
proportion of acetamide cis conformer is 20 %, but both
decrease during the titration and cannot be detected at the
end of the experiment. The results are summarised in
Scheme 17.


Scheme 17. Summary of conformational equilibria for 26 and the complex
28 ´ 26. KPyr


f is the pyrrole amide cis-trans equilibrium constant. KMe
f is the


acetamide cis-trans equilibrium constant. Ktrans is the binding constant for
the all trans conformer of 26 with 28. Kcis-Pyr is the binding constant for the
pyrrole amide cis conformer of 26 with 28. Kcis-Me is the binding constant for
the acetamide cis conformer of 26 with 28. KPyr


b is the equilibrium constant
for the pyrrole amide cis-trans equilibrium in the complex 26 ´ 28. KMe


b is the
equilibrium constant for the acetamide cis-trans equilibrium in the complex
26 ´ 28.


From the pyrrole and acetamide cis-trans equilibrium
constants for uncomplexed 26 and the three binding constants,
we can calculate the cis-trans equilibrium constants in the 28 ´
26 complex (KPyr


b � 0.02 and KMe
b � 0.03). This means that the


trans conformer is substantially stabilised in the complex, and
the results for the pyrrole end of the complex are identical to
those obtained for compound 18. When 28 is the host, we
actually measure the weighted average of Ktrans, Kcis-Pyr and
Kcis-Me equilibrium constants. Thus, using the results in
Scheme 17, we can predict the value of the binding constant
in the reverse titration:


Ka� (6� 0.2) � (64� 0.7) � (14� 0.1)� 47mÿ1


This value is based on only one signal from each conformer
but is in excellent agreement with the value measured
experimentally, Ka� 46� 6mÿ1.
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The implications of these equilibria for the double-mutant
cycle must now be considered. In all the double-mutant cycle
titrations, the bisaniline compound was used as the guest.
Since several signals can be followed and they all behave in
the same way, this avoids the complications of following
signals from different conformations and allows a more
accurate determination of the weighted-average binding
constant for all of the conformers. The binding constants
measured in this way are:


for 18 Kobs� 0.1Kcis � 0.9Ktrans (1)


for 26 Kobs� 0.1Kcis-Pyr � 0.2 Kcis-Me � 0.7Ktrans (2)


Since Ktrans is more than five times larger than the other
binding constants, and the errors in the measurements are
about 10 %:


for 18 Kobs� 0.9Ktrans (3)


for 26 Kobs� 0.7Ktrans (4)


In the case of 26, Ktrans is 64mÿ1 and Equation (4) gives
Kobs� 45mÿ1, which is very close to the true weighted average
of 47mÿ1. Ideally, we would like to construct double-mutant
cycles using association constants for a single well-defined
conformer, the trans conformer. However, using Equa-
tions (3) and (4), we can show that this is not required.


DDG�ÿRT Ln
KA KD


KB KC


� �


�ÿRT Ln
Ktrans�6 � 18�Ktrans�28 � 26�
Ktrans�6 � 26�Ktrans�28 � 18�


( )


�ÿRT Ln
0:9 Ktrans�6 � 18� � 0:7 Ktrans�28 � 26�
0:7 Ktrans�6 � 26� � 0:9 Ktrans�28 � 18�


( )


� ÿRTLn
Kobs�6 � 18�Kobs�28 � 26�
Kobs�6 � 26�Kobs�28 � 18�


( ) (5)


Although the absolute values of the observed binding
constants are clearly affected by the mixture of conformers, in
the double-mutant cycles, it is only the relative values of Ktrans


we are interested in. In other words, the weakly binding minor
conformers do not affect the results of the double-mutant


cycles, and we can use the observed binding constants, which
are the weighted average of all species present. 1H NMR
titrations were carried out for all four complexes in the
double-mutant cycle shown in Scheme 14, and the data were
fitted to a simple 1:1 binding isotherm as well as a model that
allows for dimerisation of the guest (Table 3). Although the
two models gave quite different association constants, the
overall DDG values are similar: �0.6� 0.8 kJ molÿ1 for the
1:1 model and �0.5� 0.7 kJ molÿ1 for the 1:1 � dimerisation
model. The reason is that the effects of dimerisation cancel
out in the cycle in the same way as the effects of the
conformational equilibria. Thus the double-mutant cycle
provides a robust method for removing systematic errors
from the titration measurements.


The limiting complexation-induced changes in chemical
shift for all complexes are shown in Table 3. Although the
magnitudes of the complexation-induced changes in chemical
shift vary slightly, the pattern remains the same throughout
the double-mutant cycle for all four complexes, so we can be
confident that the structure of the core of the complex is not
affected by the chemical mutations. The intermolecular NOEs
detected in the two-dimensional ROESY spectra are shown in
Table 2, and again the pattern of NOEs is consistent for all of
the complexes. The stacking interaction measured for the
anthracene ± aniline system is slightly repulsive, but small. The
result might be interpreted as the absence of any interaction
between the two aromatic rings, since the value is zero within
experimental error. However, the complexation-induced
changes in chemical shift and NOEs show that the aromatic
rings are stacked in close contact, and the measurement
therefore represents a genuine evaluation of the stacking
interaction rather than the absence of any interaction due to a
problem with the geometry of the complex. The slightly
repulsive interaction can be rationalised as the result of
competition between favourable van der Waals interactions
and repulsive electrostatic interactions between the p-elec-
tron systems.


As we have seen in the X-ray crystal-structure analysis of
10, above, perfluorination of an aromatic ring makes aromat-
ic-perfluoroaromatic stacking interactions favourable because
the quadrupole moment is reversed in a fluorinated ring.[55] In
order to quantify this effect by using our system, the double-


Table 3. Ka [mÿ1] and DG [kJ molÿ1] values and limiting complexation-induced changes in chemical shifts (ppm) measured in CDCl3 at 300 K for complexes used
in the double-mutant cycles.[a]


Com-
plex


1:1 Model 1:1 � Dimer-
isation Model


Isophthaloyl compound Bisaniline compound


Ka DG Ka DG s d t nh aa me mu p1 p2 p3 n1 n2 b1 b2 b3 b4


A
6 ´ 18 85� 7 ÿ 11.1� 0.2 63� 6 ÿ 10.3� 0.2 0.2 ÿ 0.3 ÿ 1.1 1.8 ÿ 0.3 ÿ 0.4 ± 2.3 ÿ 1.5 0.1 2.7 0.4 0.2 0.0 0.2 0.1
6 ´ 33 168� 26 ÿ 12.8� 0.4 134� 22 ÿ 12.2� 0.4 0.1 ÿ 0.5 ÿ 1.2 1.3 ÿ 0.1 ÿ 0.2 ± 2.3 ÿ 1.5 0.3 2.5 2.1 ÿ 0.1 0.1 ÿ 0.1 0.0
B
6 ´ 26 100� 23 ÿ 11.5� 0.6 73� 17 ÿ 10.7� 0.5 0.2 ÿ 0.4 ÿ 1.0 1.6 0.0 ÿ 0.1 ± 2.1 ÿ 1.4 0.1 3.0 0.8 ÿ 0.1 0.2 ÿ 0.1 0.0
C
28 ´ 18 70� 9 ÿ 10.6� 0.3 49� 8 ÿ 9.7� 0.4 0.0 ÿ 0.4 ÿ 0.9 1.0 ± ± ÿ 0.5 2.3 ÿ 0.5 0.6 3.0 0.6 ÿ 0.2 ÿ 0.1 0.1
28 ´ 33 102� 19 ÿ 11.5� 0.5 72� 16 ÿ 10.7� 0.6 0.0 ÿ 0.3 ÿ 0.5 0.6 ± ± ÿ 0.2 3.2 ÿ 0.4 0.4 2.3 1.9 ÿ 0.2 ÿ 0.2 ÿ 0.3 ÿ 0.1
D
28 ´ 26 65� 6 ÿ 10.4� 0.3 46� 6 ÿ 9.5� 0.3 0.1 ÿ 0.4 ÿ 0.8 1.0 ± ± ÿ 0.1 2.5 ÿ 0.5 0.6 3.1 0.9 ÿ 0.2 ÿ 0.1 ÿ 0.1 ÿ 0.1


[a] See Schemes 7, 8, 15 and 19 for the proton labelling schemes. There are no significant changes in chemical shift for the signals due to the protons on the piperidine ring
and solubilising group R. Titration experiments were repeated at least twice and Ka is a weighted mean based on the observed change in chemical shift for all the signals
monitored. The error is twice the standard error.
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mutant cycle in Scheme 18 was designed. Compound 33 was
prepared according to Scheme 19. The solubility of 33 is lower
than the anthracene and methyl derivatives used previously
(9 mm versus 50 mm), and this limits the accuracy of titration
experiments with this system. A 1H NMR dilution experiment


gave Kd� 11� 2mÿ1, and the
dimerisation-induced changes
in chemical shift are shown in
Table 1. As before, the main
site of dimerisation is the pyr-
role NH and pyrrole amide
(Scheme 11a).


Compound 33 has minor con-
formers similar to those in 18,
but because we have shown that
they have an insignificant effect
on the overall result of the
double-mutant cycle, they were
ignored in this experiment. The
results of 1H NMR titrations
and the complexation-induced
changes in chemical shift for


the complexes in the pentafluorophen-
yl double-mutant cycle are shown in
Table 3. The pattern is similar to the
anthracene ± aniline experiment. The
complexation-induced changes in
chemical shift of the fluorine atoms
were also determined. For complex 6 ´
33, the changes in chemical shift are:
Dd�ÿ1.0 ppm (f1), ÿ0.3 ppm (f2)
and ÿ0.1 ppm (f3). For complex 28 ´
33, the changes in chemical shift are:
Dd�ÿ0.1 ppm (f1), ÿ0.4 ppm (f2)
and ÿ0.2 ppm (f3). These were deter-
mined in the same way as the proton
shifts, but it is difficult to interpret
these changes. Using the results of the
1H NMR titrations in a double-mutant
cycle, we find that the pentafluoro-
phenyl ± aniline interaction is slightly
attractive, DDG�ÿ0.4� 0.9 kJ molÿ1.
Although this value is within exper-
imental error of the anthracene ± ani-
line interaction, the pentafluorophen-
yl ± aniline interaction is more attrac-
tive, and this can be rationalised based


on the change in the quadrupole moment of the p-system
which leads to more favourable electrostatic interactions for
the pentafluorophenyl interaction.


Conclusion


We have developed a system to measure aromatic stacking
interactions in which we can dictate the geometry of the
complexes by using a combination of noncovalent interac-
tions. The system is capable of measuring both attractive and
repulsive aromatic interactions while maintaining the same
geometry throughout the experiments. The effects of dimer-
isation and other conformational equilibria have been taken
into account, but have been shown to cancel out in the double-
mutant cycle. X-ray crystallography is a powerful tool in the
design of molecular complexes and reveals the geometry of
aromatic interactions that can be expected in solution. This
system has the potential to be used to probe other aromatic
interactions by changing the size and electronic nature of the
interacting rings to fully investigate structure-activity rela-
tionships in aromatic stacking.
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Scheme 18. Chemical double-mutant cycle to measure the pentafluorophenyl ± aniline stacking inter-
action in complex A (R� solubilising group, see Scheme 9).


a1 a2 a3 a4 a5 m1


ÿ 0.3 ÿ 0.1 ÿ 0.1 ÿ 0.1 ÿ 0.2 ±
± ± ± ± ± ±


± ± ± ± ± ÿ 0.4


ÿ 0.2 ÿ 0.2 ÿ 0.2 ÿ 0.1 ÿ 0.2 ±
± ± ± ± ± ±


± ± ± ± ± 0.0


Scheme 19. Synthesis of compound 33 from 23.
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Experimental Section


NMR Experiments : 1H, 19F and 13C spectra were recorded on either a
Bruker AC250 or AMX 400 spectrometer with residual solvent as an
internal standard. Fluorine chemical shifts were referenced to an external
CFCl3 reference. Two-dimensional ROESY experiments were recorded on
a Bruker AMX 2-400 with 300 ms mixing time and a 3 s relaxation delay
between pulses.
For the 1H NMR dilution experiments, a 2.0 mL sample of known
concentration was prepared in CDCl3. Aliquots of this solution were
sequentially added to 0.5 mL of CDCl3, and a 1H NMR spectrum recorded
after each addition. All dilutions were repeated twice. A two-dimensional
ROESY experiment was carried out on the final solution to assign
unambiguously all of the signals, and the data were analysed by using
nonlinear curve fitting for both dimerisation and aggregation isotherms
NMRDil Dimer and NMRDil Agg.[56] These estimate the dimerisation
constant and the limiting bound and free chemical shifts. The dimerisation
constant is quoted as the weighted mean based on the observed change in
chemical shift for all of the signals monitored. The error is twice the
standard error.
1H NMR titrations were carried out by preparing a 3 mL sample of the host
at known concentration (3 ± 4mm). 0.5 mL of this solution was removed,
and a 1H NMR spectrum was recorded. An accurately weighed sample of
the guest was then dissolved in 2 mL of the host solution. The solution was
saturated with guest (35 ± 40mm) to allow access to as much of the binding
isotherm as possible (50 ± 86% was achieved) and contained host, so that
the concentration of host remained constant during the titration. Aliquots
of guest solution were added successively to the NMR tube containing the
host solution, and the 1H NMR spectrum was recorded after each addition.
Signals that moved more than 0.01 ppm were analysed by using nonlinear
curve fitting, NMRTit HG and NMRTit HGHHGG.[57] NMRTit HG fits
the data to a 1:1 binding model to give the association constant and the
limiting bound chemical shift in the complex, and NMRTit HGHHGG fits
the data to a 1:1 binding isotherm, allowing for dimerisation of both binding
partners. The association constant for each experiment was evaluated as the
weighted mean based on the observed change in chemical shift for all
signals monitored. The error was taken as twice the standard error.
Titrations where the identities of the host and guest could be reversed were
used to determine the limiting complexation-induced shifts for both
binding partners. However, this was not possible in cases where the
solubility of the guest was not sufficient to achieve saturation. In these
cases, a 1:1 mixture of the two components was prepared, and the 1H NMR
spectrum was recorded. A ROESY experiment was used to unambiguously
assign all of the signals. By using the limiting complexation-induced
changes in chemical shift for one of the
components from the titration experi-
ment (Ddbound) and the free chemical
shift from the dilution experiments,
the proportion of bound complex
could be determined:


fraction bound�Ddobs/Ddbound (6)


The observed change in chemical shift
of the other compound in the 1:1
mixture could then be used to deter-
mine the limiting complexation-in-
duced changes in chemical shift
(Ddbound).


Ddbound�Ddobs/fraction bound (7)


In order to verify this method, a
titration was carried out with the
identities of the host and guest re-
versed (18 ´ 28), and the signals were
analysed with NMRTit HG (18 was
used at low concentration, so there
should be an insignificant amount of
dimerisation) to determine the limit-
ing complexation-induced changes in


chemical shift. The results are compared with the values obtained by the
fraction bound method in Table 4. Except for the value for p2, reasonable
agreement is obtained; this indicates that the method used to determine the
limiting complexation-induced changes in chemical shift is reliable.


General synthetic procedures : The reactions were carried out according to
the following general procedures unless otherwise stated.


Acid chloride preparation : Acid chlorides were formed by suspending the
corresponding acid in dry CH2Cl2 under a nitrogen atmosphere. An excess
of oxalyl chloride and 1 ± 2 drops of catalytic DMF were added. The
reaction mixture was stirred until all the acid had gone into solution
(typically 0.5 ± 1.0 h), and the CH2Cl2 and excess oxalyl chloride were
removed under reduced pressure. The acid chloride was used without
further purification.


Amide coupling reactions : These reactions were carried out in CH2Cl2


under a nitrogen atmosphere. The acid chloride was prepared as above,
dissolved in CH2Cl2 and added drop-wise to a stirred solution of the amine
and base (where applicable) in CH2Cl2 (50 ± 200 mL). The reactions were
stirred for 16 h and the solvent was then removed under reduced pressure.
The product was isolated by column chromatography.


Piperidine deprotection and addition of the solubilising group : The
benzylchloroformate-protected compound was dissolved in CH2Cl2. TMSI
was added, and the mixture was stirred until the reaction was completed as
determined by TLC (0.5 ± 16 hours). The solvent was removed under
reduced pressure, and the resulting solid was washed repeatedly with
diethyl ether and dried. Compound 21, 1-hydroxybenzotriazole (HOBt)
and 1,3-(dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
were dissolved in CH2Cl2 and stirred for 1 h, and then the free piperidine
was added portion-wise with a few drops of triethylamine. The reaction
mixture was stirred for 16 h. The reaction was quenched with methanol
(2 mL), and the solvent was removed under reduced pressure. The product
was isolated by medium-pressure column chromatography (CH2Cl2/meth-
anol 98:2). The product was dissolved in CH2Cl2, washed with 1m HCl, sat.
Na2HCO3 and water and dried over Na2SO4. The solvent removed under
reduced pressure.


N-[(2,6-Diisopropyl)phenyl]-9-anthracene carboxamide (8): Compound 8
was prepared by the standard amide coupling procedure by using
9-anthracene carboxylic acid (1.5 g, 6.76 mmol) in CH2Cl2 (40 mL), 2,6-
diisopropyl aniline (1.0 g, 5.64 mmol) and triethylamine (0.57 g, 5.64 mmol)
in CH2Cl2 (50 mL). Purification by column chromatography yielded a pale
yellow solid. Yield: 0.9 g, 28%; m.p. decomposes >206 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d� 8.54 (s, 1 H), 8.41 (d, 3J(H,H)� 7 Hz,
2H), 8.07 (d, 3J(H,H)� 7 Hz, 2H), 7.54 (m, 4 H), 7.38 (t, 1 H), 7.29 (m, 2H),
3.54 (sept, 3J(H,H)� 7 Hz, 2 H), 2.14 (d, 3J(H,H)� 7 Hz, 12H); 13C NMR


Table 4. Fraction bound calculations and limiting complexation-induced changes in chemical shift (ppm) for
complex 28 ´ 18.


dfree dmixture Ddobs Ddbound % B Ddbound
[a] Ddbound


[b]


Host 28
nh 6.292 6.616 0.324 0.77 42
d 7.893 7.740 0.153 0.30 50
mu 3.447 3.275 0.172 0.34 49
Guest 18
p1 9.85 10.35 0.50 ± ± 2.3 1.3
p2 7.79 7.47 ÿ 0.32 ± ± ÿ 0.5 ÿ 0.04
p3 7.28 7.30 0.02 ± ± 0.6 nd[c]


n1 7.14 7.71 0.57 ± ± 3.0 2.2
n2 7.23 7.32 0.09 ± ± 0.6 0.7
b1 2.25 2.21 0.04 ± ± ÿ 0.2 ÿ 0.1
b2 7.04 7.04 0.00 ± ± ÿ 0.1 0.0
b3 7.07 7.11 0.05 ± ± 0.1 0.1
b4 5.52 2.53 0.01 ± ± ÿ 0.1 0.0
a1 8.35 8.29 ÿ 0.06 ± ± ÿ 0.2 ÿ 0.1
a2 7.55 7.53 ÿ 0.02 ± ± ÿ 0.2 nd
a3 7.55 7.53 ÿ 0.02 ± ± ÿ 0.2 nd
a4 8.07 8.04 ÿ 0.03 ± ± ÿ 0.1 ÿ 0.1
a5 8.55 8.50 ÿ 0.05 ± ± ÿ 0.2 ÿ 0.1


[a] Ddbound calculated by fraction bound method. [b] Ddbound determined by reverse titration method. [c] Not
determined due to signal overlap during the experiment.
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(250 MHz, CDCl3, 25 8C): d� 169.0, 146.2, 131.7, 131.2, 130.5, 128.8, 128.7,
128.5, 125.1, 123.8, 29.0, 24.0; FAB MS: m/z : 381 [M]� .


N-[(2,6-Dimethyl)phenyl]-9-anthracene carboxamide (9): Compound 9
was prepared by the standard amide coupling procedure with 9-anthracene
carboxylic acid (2.2 g, 9.90 mmol) in CH2Cl2 (30 mL), 2,6-dimethylaniline
(1.0 g, 8.25 mmol) and triethylamine (0.84 g, 8.25 mmol). Purification by
column chromatography yielded a pale yellow solid. Yield: 1.0 g, 38 %; m.p.
decomposes>225 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 8.50 (s,
1H), 8.37 (d, 3J(H,H)� 9 Hz, 2H), 8.03 (d, 3J(H,H)� 9 Hz, 2 H), 7.65 ± 7.45
(m, 4 H), 7.3 (br s, 1H), 6.55 (br s, 2H), 2.50 (s, 6 H); 13C NMR (250 MHz,
CDCl3, 25 8C): d� 168.0, 135.3, 133.8, 132.0, 131.3, 128.8, 128.5, 127.8, 127.0,
125.7, 125.3, 193.8; FAB MS: m/z : 325 [M]� .


N-Pentafluorophenyl-9-anthracene carboxamide (10): Compound 10 was
prepared by the standard amide coupling procedure with 9-anthracene
carboxylic acid (0.25 g, 1.13 mmol) in CH2Cl2 (30 mL), pentafluoroaniline
(0.28 g, 1.24 mmol) and triethylamine (0.12 g, 1.24 mmol) in CH2Cl2


(50 mL). The reaction was stirred for 3 days. Purification by column
chromatography yielded a pale yellow solid. Yield: 0.18 g, 40%; m.p.
decomposes >220 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 8.5 (s,
1H), 8.13 (d, 3J(H,H)� 9 Hz, 2 H), 8.04 (d, 3J(H,H)� 9 Hz, 2 H), 7.6 ± 7.5
(m, 4H), 7.34 (br s, 1 H); 13C NMR (250 MHz, CDCl3, 25 8C): d� 134.1,
130.9, 129.3, 128.6, 128.1, 127.4, 125.7, 124.4; 19F NMR (CDCl3) d�ÿ144,
ÿ156, ÿ162; FAB MS: m/z : 387 [M]� .


N-(9-Anthranoylcarboxy)-{1,1-bis[(4-amino-3,5-dimethyl)phenyl]cyclo-
hexane} (17): Compound 17 was prepared by the standard amide coupling
procedure with 9-anthracene carboxylic acid (1.07 g, 4.8 mmol) in CH2Cl2


(50 mL), bisaniline 16 (7.74 g, 24.0 mmol) and triethylamine (0.48 g,
4.8 mmol). The reaction mixture was washed with 1m HCl to remove
excess 16. Purification by column chromatography gave a yellow solid.
Yield: 1.34 g, 55%; m.p. 175 ± 178 8C; 1H NMR (250 MHz, CDCl3, 25 8C,
TMS): d� 8.50 (s, 1H), 8.35 (d, 3J(H,H)� 9 Hz), 8.02 (d, 3J(H,H)� 7 Hz),
7.52 (m, 4 H), 7.21 (s, 1H), 7.08 (s, 2 H), 6.89 (s, 2H), 3.47 (br s, 2 H), 2.47 (s,
6H), 3.44 (br m, 4H), 2.16 (s, 6 H), 1.58 (br m, 6H); 13C NMR (250 MHz,
CDCl3, 25 8C): d� 167.8, 148.9, 140.0, 137.5, 134.4, 132.0, 131.1, 130.7, 128.6,
128.5, 128.3, 127.3, 127.0, 126.8, 125.5, 125.2, 121.5, 44.9, 37.2, 26.4, 23.0, 20.1,
18.1; FAB MS: m/z : 526 [M]� ; elemental analysis calcd (%) for
C37H38N2O ´ 0.5 H2O: C 82.95, H 7.33, N 5.22; found C 82.57, H 7.14, N 5.18.


N-(9-Anthranoylcarboxy)-N'-(4-nitropyrrole-2-carboxy){1,1-bis[(4-amino-
3,5-dimethyl)phenyl]cyclohexane} (11): Compound 11 was prepared by the
standard amide coupling procedure with 4-nitropyrrole-2-carboxylic acid
(1.74 g, 11.2 mmol) in CH2Cl2 (30 mL), 17 (4.51 g, 8.57 mmol) and pyridine
(1.35 g, 17.1 mmol). The reaction mixture was washed with 1m HCl and
water. Purification by column chromatography gave a pale yellow solid.
Yield: 4.5 g, 80 %; m.p. >300 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C,
TMS): d� 12.93 (s, 1H), 10.16 (s, 1H), 9.63 (s, 1H), 8.75 (s, 1 H), 8.25 (d,
3J(H,H)� 8 Hz, 2H), 8.19 (d, 3J(H,H)� 8 Hz, 2H), 7.98 (s, 1 H), 7.67 ± 7.57
(m, 4H), 7.18 (s, 2 H), 7.16 (s, 2H), 2.47 (s, 6H), 2.32 (br m, 4H), 2.18 (s, 6H),
1.52 (br m, 6H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d� 168.6, 158.7,
147.8, 147.6, 137.2, 135.2, 134.8, 131.3, 131.1, 130.2, 128.6, 128.1, 127.4, 126.8,
125.6, 125.5, 124.8, 106.0, 45.2, 37.0, 31.1, 26.3, 22.9, 19.9, 18.6; FAB MS:
m/z : 665 [M�H]� ; elemental analysis calcd (%) for C42H40N4O4 ´ H2O:
C 73.87, H 6.20, N 8.20; found C 74.13 H 6.03 N 8.20.


N,N'-Bis-pentafluorphenyl isophthaldiamide (7): Compound 7 was pre-
pared by the standard amide coupling procedure with isophthaloyl
dichloride (0.30 g, 1.5 mmol) and pentafluoroaniline (1.08 g, 5.9 mmol) in
CH2Cl2 (50 mL). The reaction was stirred for 6 days, and a colourless
precipitate formed. The reaction mixture was diluted with CH2Cl2, washed
with 1m NaOH, 1m HCl and water and dried over Na2SO4. The solvent was
then removed under reduced pressure. The product was recrystallised form
ethanol/water to give a colourless solid. Yield: 0.59 g, 80 %; m.p. >250 8C;
1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 10.83 (br s, 2H), 8.63 (s,
1H), 8.26 (d, 3J(H,H)� 8 Hz, 2H), 7.77 (t, 1H, 3J(H,H)� 8 Hz); 19F NMR
(CDCl3/CD3OD) d�ÿ145, ÿ153, ÿ163; FAB MS: m/z : 497 [M�H]� ;
elemental analysis calcd (%) for C20H6F10N2O2 ´ 0.5 H2O: C 47.54, H 1.40, N
5.54; found C 47.84, H 1.32, N 5.54.


(3,4,5-Tri-O-tetradecane)benzoic acid (21): n-Propyl gallate 19 (5.55 g,
26.2 mmol), 1-bromodecane (22 mL, 78.6 mmol) and anhydrous K2CO3


(32.2 g, 236 mmol) were suspended in a mixture of acetone/DMSO (9:1,
100 mL). The mixture was stirred for 30 minutes and then heated under
reflux for 10 h. The reaction mixture was poured into water (1500 mL), and


the pH brought to about 5 by the addition of 10% v/v formic acid. The
product was extracted with CH2Cl2 and dried over Na2SO4. The solvent was
removed under reduced pressure, and the resulting syrup was purified by
column chromatography directly through basic alumina (CH2Cl2) to yield
the intermediate ester 20.


Compound 20 (26.2 mmol) was suspended in a solution of KOH (3.93 g,
66 mmol) in ethanol/water (19:1, 130 mL) and heated under reflux for 1 h.
The reaction was cooled and brought to pH 5 with 10% v/v formic acid.
Compound 21 precipitated upon further cooling, it was recrystallised from
hot ethanol (225 mL) before being dried in a vacuum oven to yield a
colourless waxy solid. Yield: 11 g, 56 %; m.p. 43 ± 45 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d� 7.31 (s, 2 H), 4.10 ± 4.00 (m, 6H),
1.85 ± 1.70, 1.50 ± 1.20, 1.20 ± 1.0 (br m, 72 H), 0.90 ± 0.80 (m, 6H); elemental
analysis calcd (%) for C50H90O5: C 77.87, H 11.76; found C 77.52, H 11.95.


[4,4-Bis(4-amino-3,5-dimethylphenyl)]piperidine (22): A mixture of 2,6-
dimethylaniline (117 g, 1236 mmol), N-acetyl-4-piperidone (63.5 g,
449 mmol) and conc. HCl (150 mL) was heated under reflux. On the
second day, 2,6-dimethylaniline (15 g, 120 mmol) was added to the
refluxing mixture. This was repeated on the fourth day of reflux. After
6 days, the reaction mixture was cooled to room temperature and diluted
with water (1200 mL). The reaction was neutralised by addition of solid
sodium carbonate, and the resulting precipitate was filtered off and washed
with water, diethyl ether and pentane. The resulting colourless powder was
dried to give a colourless solid. Yield: 87.5 g, 60%; m.p. 203 ± 205 8C;
1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 8.85 (br s, 1 H), 6.71 (s,
4H), 4.41 (br s, 4H), 2.95 ± 2.90 (br m, 4H), 2.45 ± 2.40 (br m, 4 H), 2.09 (s,
12H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d� 141.9, 134.9, 127.8,
120.6, 115.9, 41.4, 41.1, 32.8, 18.2; FAB MS: m/z : 324 [M�H]� .


(1-Benzyloxycarbonyl)-[4,4-bis(4-amino-3,5-dimethylphenyl)]piperidine
(23): Compound 22 (14.1 g, 44 mmol) and triethylamine (9.1 mL 66 mmol)
were dissolved in methanol (250 mL). Benzylchloroformate (6.9 mL
48 mmol) in methanol (30 mL) was added dropwise. The reaction mixture
was stirred for 16 h, and the reaction mixture was reduced to half the
original volume under reduced pressure. Water (200 mL) was added, and
the resulting precipitate was filtered and washed repeatedly with petroleum
ether. The product was isolated by column chromatography to afford a pink
solid. Yield: 13.6 g, 68 %; m.p. 132 ± 134 8C; 1H NMR (250 MHz, CDCl3,
25 8C, TMS): d� 7.35 ± 7.30 (m, 5H), 6.68 (s, 4H), 5.03 (s, 2H), 3.32 (br s,
4H), 2.50 ± 2.45 (br m, 4 H), 2.15 ± 2.10 (br m, 4H), 2.00 (s, 12 H); 13C NMR
(250 MHz, [D6]DMSO, 25 8C): d� 154.7, 141.7, 137.3, 134.9, 128.5, 127.9,
127.5, 126.1, 120.4, 66.1, 42.1, 41.2, 35.6, 18.2; FAB MS: m/z : 457 [M]� ;
elemental analysis calcd (%) for C29H35N3O2: C 74.12, H 7.71, N 9.18; found
C 74.48, H 7.61, N 8.82.


(1-Benzyloxycarbonyl)-N-(9-anthranoylcarboxy)-[4,4-bis(4-amino-3,5-di-
methylphenyl)]piperidine (24): Compound 24 was prepared by the stand-
ard amide coupling procedure with 9-anthracene carboxylic acid (0.50 g,
2.24 mmol) in CH2Cl2 (50 mL), 23 (5.20 g, 11.2 mmol) and triethylamine
(1.13 g, 11.2 mmol). The reaction mixture was washed with 1m HCl to
remove excess 23, which was recovered. Purification by column chroma-
tography gave a pale yellow solid. Yield: 0.85 g, 60 %; m.p. 150 ± 152 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 8.48 (s, 1H), 8.30 (d,
3J(H,H)� 8 Hz, 1H), 8.02 (d, 3J(H,H)� 7 Hz, 1H), 7.50 (m, 4H), 7.30 (m,
5H), 7.01 (s, 2 H), 6.84 (s, 2H), 5.07 (s, 2 H), 3.60 (br s, 2 H), 3.45 ± 3.30 (br m,
4H), 2.46 (s, 6H), 2.30 ± 2.10 (br m, 4 H), 2.16 (s, 6H); 13C NMR (250 MHz,
[D6]DMSO, 25 8C): d� 167.8, 155.4, 147.0, 140.7, 136.9, 134.9, 134.7, 131.9,
131.4, 128.6, 128.4, 128.3, 127.9, 127.7, 127.1, 127.0, 126.8, 125.5, 125.1, 121.8,
66.9, 43.5, 41.1, 36.0, 20.0, 18.1; FAB MS: m/z : 662 [M�H]� ; HRMS-FAB:
m/z : 662.3319 (calcd for C44H44N3O3 662.3382).


(1-Benzyloxycarbonyl)-N-(9-anthranoylcarboxy)-N'-(4-nitropyrrole-2-car-
boxy)-[4,4-bis(4-amino-3,5-dimethylphenyl)]piperidine (25): Compound
25 was prepared by the standard amide coupling procedure with 4-nitro-
pyrrole-2-carboxylic acid (0.28 g, 1.84 mmol) in CH2Cl2 (40 mL), 24 (1.1 g,
1.67 mmol) and pyridine (0.15 g, 1.90 mmol). Purification by medium
pressure column chromatography gave a pale yellow solid. Yield: 1.1 g,
85%; m.p. 204 ± 206 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d�
12.85 (s, 1 H), 10.15 (s, 1 H), 9.63 (s, 1H), 8.71 (s, 1H), 8.21 (d, 3J(H,H)�
8 Hz, 2H), 8.16 (d, 3J(H,H)� 8 Hz, 2 H), 7.95 (s, 1H), 7.65 ± 7.55 (m, 5H),
7.35 ± 7.30 (m, 5H), 7.18 (s, 2 H), 7.15 (s, 2H), 5.05 (s, 2H), 3.60 ± 3.40 (br m,
4H), 2.60 ± 2.30 (br m, 4H), 2.43 (s, 6 H), 2.14 (s, 6H); 13C NMR (250 MHz,
[D6]DMSO, 25 8C): d� 167.3, 155.0, 145.5, 145.3, 137.5, 136.8, 135.9, 135.5,
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133.7, 133.2, 131.2, 128.2, 127.9, 127.0, 126.8, 126.5, 126.1, 66.6, 43.8, 20.0,
19.1; FAB MS: m/z : 800 [M�H]� ; HRMS-FAB: m/z : 800.3460 (calcd for
C49H46N5O6 800.3448).


[1-(3,4,5-Tri-O-tetradecane)-benzoyl]-N-(9-anthranoylcarboxy)-N'-(4-ni-
tropyrrole-2-carboxy)-[4,4-bis(4-amino-3,5-dimethylphenyl)]piperidine
(18): Compound 18 was prepared by the standard piperidine deprotection
procedure with 25 (1.4 g, 1.75 mmol) in CH2Cl2 (300 mL) and TMSI
(0.6 mL). The solubilising group was added by using 21 (1.46 g, 1.91 mmol),
EDC (0.40 g, 2.10 mmol) and HOBt (0.28 g, 2.10 mmol). Purification by
column chromatography afforded a pale yellow waxy solid. Yield: 0.97 g,
40%; 1H NMR (250 MHz, CDCl3, 0.0095m, 25 8C, TMS): d� 10.42 (s, 1H),
8.51 (s, 1H), 8.30 (d, 3J(H,H)� 7 Hz, 2H), 8.04 (d, 3J(H,H)� 7 Hz, 2H),
7.61 (s, 1H), 7.51 (m, 4H), 7.57 (s, 1H), 7.28 (s, 1H), 7.31 (s, 1H), 7.07 (s, 2H),
6.99 (s, 2 H), 6.56 (s, 2H), 3.95 (m, 6H), 3.80 ± 3.40 (br m, 4 H), 2.50 ± 2.20
(br m, 4H), 2.50 (s, 6H), 2.18 (s, 6H), 1.80 ± 1.50, 1.50 ± 1.0 (br m, 72H),
0.95 ± 0.80 (m, 6 H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d� 170.5,
168.2, 158.3, 145.4, 139.2, 137.5, 135.7, 135.3, 131.8, 131.3, 131.0, 128.7, 128.2,
127.1, 126.9, 126.6, 125.6, 125.5, 124.8, 105.3, 73.5, 69.2, 44.2, 32.9, 30.3, 29.7,
29.6, 29.4, 29.3, 26.1, 22.6, 20.0, 18.7. 14.1; FAB MS: m/z : 1405 [M]� ; HRMS-
FAB: m/z : 1406.9712 (calcd for C90H128N5O8 1406.9762).


(1-Benzyloxycarbonyl)-N-(4-nitropyrrole-2-carboxy)-[4,4-bis(4-amino-3,5-
dimethylphenyl)]piperidine (29): Compound 29 was prepared by the
standard amide coupling procedure with 4-nitropyrrole-2-carboxylic acid
(0.75 g, 4.80 mmol) in CH2Cl2 (50 mL), 23 (10.99 g, 24.0 mmol) and
pyridine (0.57 g, 7.20 mmol). The product was isolated form the excess 23
by column chromatography followed by medium pressure column chro-
matography to give a colourless solid. Yield: 2.15 g, 75%; m.p. 158 ± 160 8C;
1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 12.90 (s, 1H), 9.61 (s,
1H), 7.97 (s, 1H), 7.65 (s, 1 H), 7.36 (m, 5H), 7.04 (s, 2 H), 6.80 (s, 2H), 5.07(s,
2H), 3.48 (br s, 2 H), 3.36 (br m, 4 H), 2.31 (br m, 4 H), 2.13 (s, 6 H), 2.06 (s,
6H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d� 158.2, 155.0, 147.1, 142.1,
137.5, 136.8, 135.5, 133.1, 132.1, 128.8, 128.2, 127.9, 127.0, 126.6, 126.3, 121.0,
66.5, 43.1, 35.6, 18.9, 18.6; FAB MS: m/z : 595 [M]� ; HRMS-FAB: m/z :
595.2835 (calcd for C34H37N5O5 595.2794).


(1-Benzyloxycarbonyl)-N-acetyl-N'-(4-nitropyrrole-2-carboxy)-[4,4-bis(4-
amino-3,5-dimethylphenyl)]piperidine (30): Compound 29 (0.84 g,
1.41 mmol), glacial acetic acid (0.42 g, 7.0 mmol) and EDC (1.35 g,
7.0 mmol) were dissolved in CH2Cl2 (50 mL) and stirred for 16 h. The
reaction mixture was washed with 1m HCl to remove most of any excess 29,
and the solvent removed under reduced pressure. The product was isolated
by column chromatography to give a colourless solid. Yield: 0.68g, 76%;
m.p. 185 ± 188 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 12.92
(br s, 1 H), 9.61 (s, 1H), 9.12 (s, 1H), 7.98 (s, 1H), 7.64 (s, 1H), 7.35 (m, 5H),
7.12 (s, 2H), 7.05 (s, 2 H), 5.07 (s, 2H), 3.50 ± 3.35 (m, 4 H), 2.40 ± 2.30 (m,
4H), 2.15 (s, 6 H), 2.10 (s, 6H), 2.02 (s, 3H); 13C NMR (250 MHz,
[D6]DMSO, 25 8C): d� 167.7, 127.7, 124.5, 144.9, 144.3, 137.0, 136.3, 135.4,
134.9, 133.2, 132.0, 127.7, 126.5, 126.0, 125.7, 125.6, 66.0, 22.5, 18.5, 18.4; FAB
MS: m/z : 638 [M�H]� ; HRMS-FAB: m/z : 638.3002 (calcd for C36H40N5O6


638.2978).


[1-(3,4,5-Tri-O-tetradecane)benzoyl]-N-acetyl-N'-(4-nitropyrrole-2-car-
boxy)-[4,4-bis(4-amino-3,5-dimethylphenyl)]piperidine (26): Compound
26 was prepared by the standard piperidine deprotection procedure with
30 (0.38 g, 0.59 mmol) in CH2Cl2 (70 mL) and TMSI (0.15 mL). The
solubilising group was added by using 21 (0.67 g, 0.89 mmol), EDC (0.22 g,
1.18 mmol) and HOBt (0.16 g, 1.20 mmol). Purification by column chro-
matography afforded a pale yellow waxy solid. Yield: 0.74 g, 60%; 1H NMR
(250 MHz, CDCl3, 0.0036m, 25 8C, TMS): d� 10.53 (br s), 10.34 (br s, 1H),
7.70 (s, 1H), 7.32 (s, 1H), 7.30 (s, 1H), 6.98 (s, 2H), 6.93 (s, 2 H), 6.65 (s, 1H),
6.53 (s, 2H), 3.95 ± 3.90 (m, 6H), 3.90 ± 3.60 (br m, 4H), 2.19, 2.18, 2.20 (s,
15H), 2.30 ± 2.20 (br m, 4H), 1.90 ± 1.70, 1.50 ± 1.35, 1.35 ± 1.20 (br m, 72H),
0.90 ± 0.80 (m, 6 H); 13C NMR (250 MHz, CDCl3, 25 8C): d� 170.4, 168.9,
158.3, 139.2, 137.5, 135.7, 135.6, 132.0, 130.8, 130.6, 126.6, 126.5, 125.6, 105.3,
73.5, 69.2, 44.1, 31.9, 30.2, 29.7, 29.7, 29.6, 29.4, 29.3, 26.0, 23.1, 22.6, 18.8,
14.1; FAB MS: m/z : 1244 [M�H]� ; elemental analysis calcd (%) for
C77H121N5O8: C 74.29, H 9.79, N 5.25; found C 74.11, H 10.12, N 5.25.


N,N'-Bis-methyl isophthaldiamide (27): Methylamine (10.8 mL, 2m solu-
tion in tetrahydrofuran, 22 mmol) was added dropwise to isophthaloyl
dichloride (2.0 g, 9.85 mmol) in CH2Cl2 (100 mL), and the reaction was
stirred for 10 ± 15 minutes. After this time, a colourless precipitate began to
form. The reaction mixture was reduced in volume on a rotary evaporator,


and the resultant colourless precipitate was filtered and washed repeatedly
with CH2Cl2 and petroleum ether to afford a colourless solid. Yield: 1.7 g,
90%; m.p. 169 ± 171 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d�
8.90 (s, 2 H), 8.55 (s, 1 H), 8.14 (d, 3J(H,H)� 8 Hz, 2 H), 8.09 (s, 4 H), 7.65 (t,
3J(H,H)� 8 Hz, 1H), 2.90 (s, 6 H); 13C NMR (250 MHz, [D6]DMSO,
25 8C): d� 166.2. 134.5. 129.6. 128.4. 126.1. 26.3. 24.1; FAB MS: m/z : 192
[M]� .


N-(4-Nitropyrrole-2-carboxy)-{1,1-bis[(4-amino-3,5-dimethyl)phenyl]cy-
clohexane} (31): Compound 31 was prepared by using the standard amide
coupling procedure with 4-nitro-pyrrole-2-carboxylic acid (1.0 g,
6.41 mmol) in CH2Cl2 (40 mL), bisaniline 16 (6.19 g, 19.2 mmol) and
pyridine (0.55 g, 7.05 mmol). Purification by column chromatography
afforded a yellow solid. Yield: 0.65g, 22%; m.p. 188 ± 190 8C; 1H NMR
(250 MHz, [D6]DMSO, 25 8C, TMS): d� 12.89 (s, 1 H), 9.58 (s, 1 H), 7.96 (s,
1H), 7.63 (s, 1H), 7.00 (s, 2 H), 6.76 (s, 2H), 4.33 (br s, 2H), 2.30 ± 2.00 (m,
4H), 2.11 (s, 6 H), 2.04 (s, 6H), 1.6 ± 1.4 (br m, 6H); 13C NMR (250 MHz,
[D6]DMSO, 25 8C): d� 158.7, 149.5, 140.1, 137.5, 134.8, 129.4, 127.1, 127.0,
125.6, 121.6, 105.1, 44.9, 37.1, 26.4, 22.9, 18.8, 18.0; FAB MS: m/z : 460 [M]� ;
elemental analysis calcd (%) for C27H32N4O3 ´ 0.25 H2O: C 69.73, H 7.04, N
11.72; found C 69.95, H 7.10, N 12.05.


N-(4-Nitropyrrole-2-carboxy)-N'-acetyl-{1,1-bis[(4-amino-3,5-dimethyl)-
phenyl]cyclohexane} (31): Compound 32 (1.0 g, 2.17 mmol) and glacial
acetic acid (0.13 g, 2.20 mmol) were suspended in CH2Cl2 (40 mL). EDC
(0.54 g, 2.82 mmol) was added, and the reaction mixture was stirred for
12 h. It was then washed with 1m HCl and water, and the solvent was
removed under reduced pressure. The product was isolated by column
chromatography to give a colourless solid. Yield: 0.64 g, 59 %; m.p.
>250 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 12.90 (br s,
1H), 9.54 (s, 1 H), 9.04 (s, 1H), 7.92 (s, 1H), 7.58 (s, 1H), 7.05 (s, 2 H), 6.98 (s,
2H), 2.30 ± 2.00 (m, 4H), 2.20 (m, 4 H), 2.11 (s, 6 H), 2.07 (s, 6H), 1.99 (s,
3H), 1.6 ± 1.4 (br m, 6 H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d�
167.2, 147.2, 146.5, 136.8, 135.5, 135.0, 133.2, 126.6, 126.3, 45.1, 36.5, 23.0,
19.0; FAB MS: m/z : 503 [M�H]� ; elemental analysis calcd (%) for
C29H34N4O4 ´ H2O: C 66.90, H 6.97, N 10.76; found C 66.89, H 6.82, N 10.65.


(1-Benzyloxycarbonyl)-N-(4-nitropyrrole-2-carboxy)-N'-pentafluoroben-
zoyl-[4,4-bis(4-amino-3,5-dimethylphenyl)]piperidine (34): The monosub-
stituted bisaniline was synthesised by the standard amide coupling
procedure by reaction of pentafluorobenzoyl chloride (3.28 g, 14.2 mmol),
23 (13.8 g, 43.7 mmol) and triethylamine (2.16 g, 21.4 mmol), but was not
isolated as it contained a lot of the diaddition product and was difficult to
separate at this stage. Therefore the mixture was treated with 4-nitro-
pyrrole-2-carbonyl chloride 15 (0.53 g, 3.40 mmol) and pyridine (0.40 g,
5.1 mmol) by using the standard procedure and the products separated
after this step. The product was isolated by medium-pressure column
chromatography to give a colourless solid. Yield: 6.73 g, 60%; m.p. 187 ±
189 8C; 1H NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d� 12.92 (s, 1H),
10.28 (s, 1H), 9.62 (s, 1H), 7.98 (s, 1 H), 7.64 (s, 1H), 7.35 (m, 5 H), 7.16 (s,
2H), 7.15 (s, 2 H), 5.08 (s, 2H), 3.45 (br m, 4 H), 2.40 (br m, 4 H), 2.21 (s, 6H),
2.16 (s, 6H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d� 145.2, 137.4,
136.8, 135.9, 135.2, 132.5, 131.8, 128.8, 128.2, 127.9, 126.9, 126.7, 66.5, 43.9,
18.9, 18.7; 19F NMR (CDCl3) d�ÿ141, ÿ151, ÿ160; FAB MS: m/z : 790
[M�H]� ; HRMS-FAB: m/z : 790.2708 (calcd for C41H37F5N5O6 790.2664).


1-(3,4,5-Tri-O-tetradecane)benzoyl)-N-(4-nitropyrrole-2-carboxy)-N'-pen-
tafluorobenzoyl-[4,4-bis(4-amino-3,5-dimethylphenyl)]piperidine (33):
Compound 33 was prepared by the standard piperidine deprotection
procedure with 34 (0.99 g, 1.25 mmol) in CH2Cl2 (150 mL) and TMSI
(0.5 mL). The solubilising group was added by using 21 (1.14 g, 1.50 mmol),
EDC (0.28 g, 1.50 mmol) and HOBt (0.20 g, 1.50 mmol). Purification by
column chromatography gave a colourless waxy solid. Yield: 0.95 g, 70%;
1H NMR (250 MHz, CDCl3, 0.0014m, 25 8C, TMS): d� 9.98 (br s, 1 H), 9.83
(s), 7.45 (s, 1 H), 7.18 (s, 1H), 7.09 (s, 1H), 7.00 (s, 2H), 6.99 (s, 2H), 6.54 (s,
2H), 5.33 (s), 3.95 ± 3,90 (m, 6H), 3.80 ± 3.40 (br m, 4H), 2.50 ± 2.30 (br m),
2.28 (s, 6H), 2.22 (s, 6H), 1.85 ± 1.60, 1.60 ± 1.10 (m, 72H), 0.95 ± 0.85 (m,
9H); 13C NMR (250 MHz, [D6]DMSO, 25 8C): d� 170.4, 158.1, 155.9, 153.2,
146.5, 145.8, 139.3, 137.8, 135.7, 130.6, 126.9, 126.7, 125.5, 105.4, 73.5, 69.2,
44.3, 31.9. 30.3, 29.7, 29.6, 29.4, 29.3, 26.1, 22.6, 18.8, 14.0; 19F NMR (CDCl3)
d�ÿ142, ÿ150, ÿ163; FAB MS: m/z : 1395 [M]� ; HRMS-FAB: m/z :
1396.8863 (calcd for C82H119F5N5O8 1396.8978); elemental analysis calcd
(%) for C82H118F5N5O8: C 70.50, H 8.51, N 5.01; found C 70.27, H 8.61, N
4.95.
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Crystal structure data : Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
nos. CCDC-162594 to 162598. Copies of this data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336033; e-mail : deposit@ccdc.cam.ac.uk).


Compound 8 : C27H25NO; M� 379.48. Crystallises from petroleum ether/
CH2Cl2 as pale yellow blocks. Crystal dimensions 0.40� 0.18� 0.10 mm;
monoclinic, a� 20.611(2), b� 13.4661(14), c� 26.000(3) �, b� 111.789(3)8
U� 6700.8(12) �3, Z� 12, Dc� 1.128 Mg mÿ3, space group P21/n (a non
standard setting of P21/c C5


2 h' No. 14), Mo-Ka radiation (l� 0.71073 �),
m(Mo-Ka)� 0.068 mmÿ1, F(000)� 2424.


Compound 9 : C23H19NO; M� 325.39. Crystallises from CH2Cl2 as colour-
less blocks. Crystal dimensions 0.68� 0.42� 0.32 mm; monoclinic, a�
16.604(3), b� 4.6310(9), c� 23.722(5) �, b� 108.08(3)8, U� 1734.0(6) �3,
Z� 4, Dc� 1.246 Mg mÿ3, space group P21/c (C5


2 h' No. 14), Mo-Ka radiation
(l� 0.71073 �), m(Mo-Ka)� 0.076 mmÿ1, F(000)� 688.


Compound 10 : C21H10F5NO; M� 387.30. Crystallises from petroleum
ether/CH2Cl2 as colourless blocks. Crystal dimensions 0.4� 0.1� 0.1 mm;
monoclinic, a� 14.100(3), b� 13.585(3), c� 18.372(4) �, b� 108.308(4)8,
U� 3341.0(12) �3, Z� 8, Dc� 1.540 Mg mÿ3, space group P21/n (a non
standard setting of P21/c C5


2 h' No. 14), Mo-Ka radiation (l� 0.71073 �),
m(Mo-Ka)� 0.133 mmÿ1, F(000)� 1568.


Compound 25 : C53.5H45Cl9N5O7.5; M� 1196.99. Crystallises from petroleum
ether/CH2Cl2 as colourless blocks. Crystal dimensions 0.39� 0.38�
0.36 mm; monoclinic, a� 22.82(2), b� 21.214(18), c� 25.75(2) �, b�
106.49(13)8, U� 11949(19) �3, Z� 8, Dc� 1.331 Mgmÿ3, space group C2/
c, Mo-Ka radiation (l� 0.71073 �), m(Mo-Ka)� 0.474 mmÿ1, F(000)�
4912.


Compound 31: C30H36Cl2N4O4; M� 587.53. Crystallises from petroleum
ether/CH2Cl2 as colourless blocks. Crystal dimensions 0.45� 0.20�
0.20 mm; triclinic, a� 9.368(2), b� 11.533(3), c� 27.828(7) �, a�
97.545(5)8 b� 92.026(5)8, g� 92.943(5)8, U� 2974.0(12) �3, Z� 4, Dc�
1.312 Mg mÿ3, space group P1Å (C1


i ' No. 2), Mo-Ka radiation (l�
0.71073 �), m(Mo-Ka)� 0.260 mmÿ1, F(000)� 1240.
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Highly Selective Optical-Sensing Membranes, Containing Calix[4]arene
Chromoionophores, for Pb2� Ions


Niels J. van der Veen,[a] Ewa Rozniecka,[b] LeÂon A. Woldering,[a] Michal Chudy,[b]


Jurriaan Huskens,[a] Frank C. J. M. van Veggel,*[a] and David N. Reinhoudt*[a]


Abstract: Plasticized poly(vinyl chlor-
ide) (PVC) optode membranes contain-
ing novel calix[4]arene chromoiono-
phores 1 or 2 and one equivalent of a
lipophilic anion respond to Pb2� ions
with high selectivity over alkali, alka-
line-earth, and other heavy metal ions.
This selectivity stems from the combi-
nation of ligand specificity and a unique
ion exchange scheme that employs both
monovalent metal ions and protons as


the exchanged ions. Complexation of
Pb2� ions inside the membrane is ac-
companied by deprotonation of the
chromoionophores, which causes a bath-
ochromic shift of the absorption max-
imum lmax. The response to Pb2� ions is


modulated by pH and alkali metal ions
in a fashion that is consistent with the
proposed ion-exchange mechanism. Of
all of the other metal ions tested, only
Cs� and Ag� produce a color change.
However, these monovalent metal ions
cause hypsochromic shifts of lmax instead
of the bathochromic shift caused by
Pb2�, because the chromoionophores
remain protonated upon complexation.


Keywords: calixarenes ´ chromo-
ionophore ´ lead ´ optode mem-
brane ´ sensors


Introduction


Optode membranes containing separate ionophores and
proton-exchanging dyes are commonly used for optical
sensing of metal ions. In these systems, pioneered by Charlton
and co-workers[1] and further developed in the group of
Simon,[2] the extraction of metal ions into the membrane by an
ionophore leads to deprotonation of a lipophilized pH
indicator resulting in a change in absorption or fluorescence.
The ion-exchange mechanism, as well as other operating
principles such as response time and durability have been
extensively studied and have been reviewed.[3] These optodes
are extrinsic sensors, as the optical signal is prompted by the
change in bulk properties of the membrane as a result of the
influx of ions. Sensors based on chromogenic ionophores are
intrinsic, because the optical effect is directly coupled to
recognition of the metal ion by the receptor molecule.


In the last decade, numerous chromoionophores selective
for different metal ions have been reported.[4] Many are based
on calix[4]arene,[5] well known as an outstanding molecular
platform for the synthesis of ionophores. The conformation of
the calix[4]arene is an important factor in ligand selectivity.[6]


A calix[4]arene ionophore in the 1,3-alternate conformation
was shown to have higher K�/Na� selectivity than valinomy-
cin.[6b] Conversely, high Na�/K� selectivity has been achieved
with calix[4]arene ionophores in the cone conformation.[7]


The ion radius of Pb2� (1.19 �)[8] is between those of Na�


(1.02 �) and K� (1.38 �), and we have previously reported[9]


that Pb2� is preferentially bound in the partial-cone con-
formation by flexible calix[4]arene receptors.


Chromoionophores must be confined in order to be
applicable in optical sensors. Several groups have reported
immobilization on a solid substrate through electrostatic
interactions[10] and covalent bonds.[11] Recently, we prepared
monolayers of fluorescent chromoionophores on glass.[12]


Nevertheless, incorporation in polymer membranes remains
the most straightforward method of immobilization for
screening new chromoionophores. Optode membranes con-
taining metal-ion selective chromoionophores reported in the
literature[13] cannot yet compete with the available extrinsic
sensing membranes in terms of selectivity, sensitivity, and
reversibility.


In this paper, we describe optode membranes that contain
new Pb2�-selective calix[4]arene chromoionophores (1 and 2)
together with one equivalent of a lipophilic anion. The highly
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sensitive and selective response of these optodes clearly
illustrates the advantages of intrinsic over extrinsic optical
sensing. Their operation is explained by a novel ion-exchange
mechanism, in which Pb2� ions are exchanged for a proton and
a monovalent metal ion. The influence on the sensitivity of the
pH, Na� concentration, and the preorganization of the
chromoionophore in the partial-cone conformation are stud-
ied. Membranes containing nonselective reference chromo-
ionophore 3 are used to support the proposed ion-exchange
mechanism and corroborate the peculiar effect that mono-
valent and divalent metal ions cause shifts of lmax in opposite
directions.


Results and Discussion


Chromoionophores : Chromoionophores 1 ± 3 have chromo-
phores that can be deprotonated upon complexation of a
divalent metal ion and that differ by one substituent at the
lower rim of the calix[4]arene. This substituent is used to
control the conformation of the calix[4]arene moiety, which
determines the size and geometry of the ion-binding site.
Chromoionophore 1 has a methoxy substituent at the lower


rim, allowing a ring-flip that interconverts the cone and
partial-cone conformations,[14] as is depicted in Scheme 1.
Chromoionophore 2 is locked in the partial-cone conforma-
tion by a propoxy substituent, whereas 3 has the cone
conformation. In the neutral ligands, the calix[4]arene phe-
nolic moiety is fixed by hydrogen bonding to the neighboring


Scheme 1. Interconversion of the cone and partial-cone conformation.
R�N2C6H4-p-NO2


ether oxygens.[14] In the complexes, the (deprotonated) oxy-
gen atom is one of the ligating groups, binding the metal ion
by electrostatic interactions. In partial-cone complexes of 1
and 2 with metal ions, metal ± p interactions contribute to
binding.[9, 15] As a result of the incompatibility of Na� and the
partial-cone conformer, selectivity for Pb2� over Na� is
expected. Chromoionophore 3 has three tertiary amido
functionalities available for complexation of metal ions in
the cone conformation; this makes it a good ligand for both
Na� and Ca2� ions.[16]


Chromoionophores 1 and 2 were synthesized in four steps
from the monoalkylated[17] calix[4]arenes 4 and 5, respectively
(Scheme 2). After benzylation at the diametric phenolic
moiety, the N,N-dimethylaminocarbamoyl substituents were
introduced at the remaining lower rim positions, yielding 8
and 9. Calix[4]arene 9 was synthesized in the 1,3-alternate


Scheme 2. Synthesis of chromoionophores 1 and 2. a) K2CO3, acetonitrile, reflux, 16 h, 34 %; b) NaH, acetonitrile, reflux 16 h, 77%; c) Cs2CO3, DMF, 90 8C,
16 h, 31 %; d) ethanol/THF, RT, over night, 33 ± 49%; e) water/methanol, 0 8C, NaClO4 or Pb(ClO4)2, 2 ± 4 h, 40 ± 51%.
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conformation by using Cs2CO3 as a base[18] in order to arrive at
the partial-cone conformation of chromoionophore 2. The 1,3-
alternate conformation of 9 was confirmed by 13C NMR
spectroscopy; chemical shifts of d� 35.14 and 37.04 were
found for the calix[4]arene methylene carbon atoms that
bridge between the aromatic rings.[19] Reductive removal of
the benzyl groups afforded compounds 10 and 11, in which the
ionophoric sites are completed. Diazonium coupling with p-
nitroaniline gave chromoionophores 1 and 2. Addition of
NaClO4 or Pb(ClO4)2 improved the yields of the diazonium
coupling, possibly because of the lower pKa of the phenol
upon complexation of metal ions, since deprotonation enhan-
ces the reaction rate. The conformational flexibility of 1[20]


causes broad signals in the NMR spectra, but addition of
excess NaClO4 to the NMR samples led to the formation of
the Na� complex, which exhibits sharp NMR signals. The
13C NMR chemical shifts of d� 30.53 and 30.81 for the
bridging methylene carbons of the calix[4]arene indicate that
the Na� complex of 1 has the cone conformation.[19] The
partial-cone conformation of 2 is confirmed by the chemical
shifts of the calix[4]arene bridging methylene carbons, which
are found at d� 30.6 and 37.4. Chromoionophore 3 was
synthesized as we have reported previously.[9]


In dichloromethane, 2 and 3 have lmax values at 408 and
410 nm, respectively. The absorption spectra of both com-
pounds show a second maximum around 600 nm, correspond-
ing to the deprotonated chromophores. Upon addition of a
trace of acetic acid to the samples this band disappears. The
absorption band of the neutral ligand also shifts for both
compounds, but in the opposite direction, giving new maxima
at 470 and 384 nm, respectively. The different response to the
acidic medium should be a consequence of the different ion
binding cavities. The blue shift observed for 3 can be
explained by complexation of an H3O� ion by the lower rim
ether oxygen atoms or the amido moieties. The red shift of the
lmax of 2 suggests that in an acidic medium, the chromophore
has a different conformation, in which the hydroxyl group of
the chromophore is involved in (intramolecular) hydrogen
bonding. The same lmax value is found for 2 in the membrane
matrix (vide infra). The absorption maxima of the solutions
after extraction of solid perchlorate salts into dichlorometh-
ane are given in Table 1. Complexation of Li� and Ag� by 2


was accompanied by hypsochromic shifts, while Ca2�, Cd2�,
and Pb2� caused bathochromic shifts. Apparently, the mono-
valent metal ions are complexed by the neutral ligand,
whereas the chromoionophore is deprotonated upon com-
plexation of the divalent metal ions. The lack of a shift of lmax


for the Cu2� and Ba2� cases shows that these metal ions were
not extracted. The extraction of Li�, Ag�, and all divalent
metal ions by chromoionophore 3 was accompanied by a red
shift.


Optode membranes : Chromoionophores 1 ± 3 were incorpo-
rated in the membrane together with one equivalent of the
lipophilic anion tetrakis[3,5-bis(trifluoromethyl)phenyl]bo-
rate. To achieve electro-neutrality, a counter ion for the
anionic site is necessary. The measurements described here
were conducted in the presence of Na�. Upon exposure of the
membranes to divalent metal ions, ion-exchange may occur in
which the divalent metal ion replaces both a monovalent
cation and the proton originating from the chromoionophore.
Depending on whether the monovalent cation is complexed
by the chromoionophore, there are two possibilities for ion-
exchange (Figure 1).


Figure 1. Response mechanism of optode membranes containing chro-
moionophores 1 ± 3. a) The monovalent metal counterion is not complexed
by the ligand inside the membrane. Partitioning divalent metal ions are
exchanged for a proton and a monovalent cation, accompanied by a red
shift of lmax. b) The monovalent metal ion is complexed by the ligand inside
the membrane, giving rise to a blue shift of lmax . Partitioning of the divalent
metal ion results in a red shift of lmax caused by the difference in color of the
two different complexes.


The absorption spectra of optode membranes containing
chromoionophores 1 or 2 are the same as those of the
chromoionophores in solution. Variation of the Na� concen-
tration did not affect the absorption spectra; this eliminates
specific binding of Na� ions by these chromoionophores.
Exposure to Pb2� leads to a concentration dependent red shift
of lmax, as can be seen from the titration curve of a membrane
containing 1 depicted in Figure 2. The isosbestic point at


Table 1. lmax of (complexes of) chromoionophores 2 and 3 in dichloro-
methane. The samples were prepared by solid extraction of perchlorate
salts by solutions of the receptors (2.75� 10ÿ5 and 2.70� 10ÿ5m, respec-
tively) containing a trace of acetic acid.


Cation lmax 2 [nm] lmax 3 [nm]


NEt4
� 470 386


Li� 378 486
Na� 468 384
K� 468 384
Cs� 470 384
Ag� 386 486
Ca2� 486 490
Ba2� 470 480
Cu2� 470 486
Cd2� 496 498
Pb2� 492 486
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Figure 2. Response of optode membrane containing 1 to Pb2� ions. Upon
titration with Pb2�, the absorption peak due to the free ligand (HL, lmax�
470 nm) decreases in intensity, while the absorption peak of the deproto-
nated Pb2� complex (PbL�, lmax� 495 nm) increases. [NaCl]� 10ÿ3m, pH�
6.5 (MES).


484 nm proves that there are two absorbing species involved
in the exchange mechanism. The response should therefore be
according to the ion-exchange mechanism depicted in Fig-
ure 1a. Membranes containing chromoionophore 2 show the
same type of response.


Further evidence that Na� is not bound by chromoiono-
phores 1 and 2 in the membrane comes from control
experiments with membranes containing chromoionophore
3. In these membranes, binding of Na� by the neutral
chromoionophore does occur and a blue shift of lmax is
observed (Figure 3a). Upon subsequent exposure to increas-


Figure 3. Responses of optode membrane containing 3 to Na� and Ca2�


ions. a) As the concentration of Na� is raised, the intensity of the peak due
to free ligand decreases and the NaHL� complex is formed. b) When the
membrane is exposed to Ca2�, formation of the deprotonated complex
CaL� again leads to a red shift.


ing concentrations of Ca2� at a constant Na� concentration
these monovalent ions are replaced and a deprotonated
complex with Ca2� is formed, as indicated by the concomitant
red shift (Figure 3b). The absence of isosbestic points
indicates that more than two species are involved in the ion-
exchange equilibria of membranes containing chromoiono-
phore 3.


The ion-exchange mechanism : The overall ion-exchange
equilibrium in membranes containing 1 or 2 is expressed by
Equation (1), in which HL and PbL� represent the chromo-
ionophore and the deprotonated complex with Pb2�, respec-
tively.


The corresponding exchange constant KPbL�
exch of the system


for Pb2� ions is expressed in Equation (2), in which it is
assumed that the activities of species in the membrane are
proportional to their concentrations. Because the measure-
ments were conducted at constant Na� concentration, and the
measured Pb2� concentrations are low, the same approxima-
tion was made for the species in the aqueous phase.


Pb2�
aq �HLmem�Na�mem >PbL�mem�H�


aq�Na�aq (1)


KPbL�
exch �


�PbL��mem�H��aq�Na��aq


�Pb2��aq�HL�mem�Na��mem


� kPb2�KPbL�


kH�kNa�KHL


(2)


In this expression, kPb2� , kH� , and kNa� are the relative
lipophilicities (partition coefficients) of Pb2�, H�, and Na�,
respectively. The protonation constant KHL


[21] of the chro-
moionophore and the complexation constant KPbL�


[22] are
defined in the membrane. The response curves of optical
sensors are usually depicted as the normalized absorption a,
as a function of the metal-ion concentration. This makes it
possible to directly compare membranes of different thick-
ness. The measured absorption is converted into a by
Equation (3), in which AHL is the absorption of the free
ligand, APbL� the absorption of the complex, and A the
measured absorption. At 530 nm, the only absorbing species is
the complex PbL�, so that a is equal to the molar fraction of
the complex fPbL� .


a� AHL ÿA


AHL ÿAPbL�
(3a)


a530�
�PbL��mem


�LT�mem


� fPbL� (3b)


In Equation (3b), [LT]mem is the total concentration of
chromoionophore. In these membranes, [LT]mem is equal to the
concentration of lipophilic anionic sites [Rÿ]mem. When
Equation (2) is combined with the mass balance for the
chromoionophore[23] and the electro-neutrality condition,[24]


the response function in Equation (4) can be derived, which is
used to fit the observed absorption and to calculate KPbL�


exch .[25]


KPbL�
exch �LT�mem


�H��aq�Na��aq


� f PbL�


f 2
HL�Pb2��aq


(4)


Equation (2) shows that the sensitivity to Pb2� depends on
both the pH and the Na� concentration. This implies that the
binding curves for Pb2� should be measured with pH-buffered
solutions with a constant [Na�]. Measuring the response
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curves at different pH revealed the dependence of the
sensitivity on the pH. Figure 4 shows the response curves at
530 nm for 2 at different pH values. The membrane clearly
becomes more sensitive to Pb2� as the pH increases. Fitting of


Figure 4. Normalized response curves to Pb2� of membranes containing 2,
measured at pH� 4.5, 5.5, and 6.5. [NaCl]� 10ÿ3m, l� 530 nm. The solid
lines are calculated with the KPbL�


exch obtained from the fit: 2.75� 103, 1.96�
104, and 1.45� 105, respectively.


the response at pH 4.5, 5.5, and 6.5 leads to values for KPbL�
exch of


2.75� 103, 1.96� 10ÿ4, and 1.45� 10ÿ5, respectively. By vary-
ing the pH, the sensitivity of the optode can therefore be
tuned as required.


Optode membranes containing chromoionophore 1 showed
the same response behavior as membranes containing 2. The
sensitivity toward Pb2� also depends on the Na� concentra-
tion. The KPbL�


exch values obtained from fitting the response
curves measured at different pH and [Na�] are given in
Figure 5. For both chromoionophores 1 and 2, plotting


Figure 5. Dependence of the sensitivity on [Na�] and pH. a) Dependence
of KPbL�


exch of membranes containing compound 1 on [Na�]. b) Dependence
of KPbL�


exch of membranes containing compound 1 (^) and 2 (*) on the pH.
The lines were obtained from a least square fit.


logKPbL�
exch against the pH or log[Na�] gives straight lines, in


agreement with the proposed ion-exchange model. This is a
clear mechanistic divergence from the response to divalent
metal ions of optode membranes operating by transduction
schemes with pH indicators. In those systems, two protons
need to be exchanged for a divalent metal ion; this increases
the pH dependency of the sensitivity as well as the selectivity
of the response.[2] The data currently available do not allow
interpretation of the deviation of the slopes from one.
Membranes with chromoionophore 2 have the highest KPbL�


exch


over the whole pH range of the measurements, probably as a


result of the preorganization of this ligand in the correct
conformation for binding Pb2� ions.


Selectivity : In the presence of Na� ions, membranes with
chromoionophores 1 and 2 are remarkably selective for Pb2�


ions. The only other metal ions that caused responses were
Cs� or Ag�. These monovalent metal ions exchange with Na�


in the membrane without deprotonation of the chromoiono-
phore, resulting in hypsochromic shifts. Although in this case a
blue shift is also observed, the response of a membrane
containing 2 to Ag� (Figure 6) is different from the response


Figure 6. Response of membrane containing compound 2 to Ag�. Upon
exposure to Ag�, the absorption shifts from the spectrum of the free ligand
(HL, lmax� 470), to that of the protonated Ag� complex (AgHL�, lmax�
395). [NaNO3]� 10ÿ3m, pH� 6.5 (MES).


of membranes containing chromoionophore 3 to Na� (Fig-
ure 3a). The isosbestic point observed in the response to Ag�


shows that in this case, only two absorbing species are
involved in the equilibria, the free ligand and the Ag�


complex.
Other alkali and alkaline-earth metal ions did not provoke


a color change. Even Cu2� and Cd2�, metal ions that usually
interfere severely with sensing of Pb2�, did not cause any
response up to concentrations of 10ÿ3m. This compares
favorably with the extrinsic Pb2�-sensitive optodes reported
by Simon and co-workers[26] and Pretsch and co-workers,[27]


which were more sensitive to Cd2� and Ag� than to Pb2�, while
Cu2� caused irreversible effects. As Pb2� partitions only
slightly better into bis(2-ethylhexyl)sebacate/poly(vinyl chlor-
ide) (DOS/PVC) than Ca2�, Cd2�, and Cu2�,[28] the selectivity
of membranes containing 1 or 2 for Pb2� is mainly due to the
specificity of the ligand. In absence of monovalent metal ions,
the ion-exchange mechanism does not function correctly and
other divalent metal ions are extracted into the membrane,
producing red shifts of lmax. The selectivity Ksel of the optode
membrane for Pb2� over other divalent metal ions is defined
by Equation (5), in which k is the partition coefficient for the
metal ion, and KML� the complexation constant of the metal
ion in the membrane.


Ksel�
KPbL�


exch


KML�
exch


� kPb2�KPbL�


kM2�KML�
(5)
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In Figure 7 the selectivity of the optode membranes is
illustrated by a plot of the response to Pb2� in the absence and
presence of a group of interfering metal ions. The small


Figure 7. Response of membrane containing compound 2 to Pb2� in
presence of interfering ions. Normalized response to Pb2� ions in absence
(^) and presence (*) of interfering ions: K�, Cd2�, Cu2�, and Ca2� (all
10ÿ4m) and Hg2� (10ÿ5m). [NaNO3]� 10ÿ3m, pH� 6.5 (MES). The solid
lines are calculated with a fitted KPbL�


exch of 8.6� 103 and 2.4� 104,
respectively.


increase in sensitivity to Pb2� in the presence of interfering
ions might be related to the increased ionic strength, which
influences the water content of the membrane.[29]


The high selectivity over alkali metal ions, which have
higher partition coefficients,[28] is also related to the ion-
exchange mechanism. The lipophilic anions in the membrane
prevent deprotonation of the chromoionophores upon com-
plexation of monovalent metal ions. Therefore, the electro-
static contribution to the binding energy due to the negative
charge on the ligand is only present with divalent cations. The
importance of this effect becomes especially clear when the
response to metal ions of membranes containing nonselective
chromoionophore 3 is considered. The three amide groups
render 3 a good ligand for Na�, which is complexed in the
membrane leading to a blue shift of lmax (Figure 3a). How-
ever, even in the presence of a 100-fold excess of Na�, the
membrane with chromoionophore 3 was sensitive to Ca2� and
even Pb2�, even though Na� partitions much better into the
membrane than these divalent metal ions. This leads to the
conclusion that KCaL�>KPbL��KNaHL� . Membranes contain-
ing 3 also respond to other metal ions; however, the complex
responses could not be fitted with the same accuracy as the
response of membranes with 1 and 2.


Reversibility and response time : The response curve shown in
Figure 8 shows that the membrane response is completely
reversible. The data depicted represent part of a three-day
session of full-time measurements with a flow cell. At the end
of that durability test, the total response had decreased to
about 76 % of the original. This is probably due to leaching of
the ªlipophilicº anion, which is more hydrophilic than the
calix[4]arene chromoionophore. Loss of anionic sites reduces
the fraction of receptors that complex ions at full saturation.


Figure 8. Time dependence of the response of a membrane containing
compound 1 to Pb2� ions. Response to Pb(NO3)2 at pH 6.5 (MES) and
10ÿ3m NaNO3, as measured in time during a three-day continuous
measurement. Arrows indicate the switch to solutions with the respective
Pb2� concentrations.


The response time of this type of optode membrane depends
on a number of variables such as the membrane thickness,
receptor concentration, flow-rate, and the concentration of
the analyte ion. The optode membranes described here have
not been optimized with respect to these variables. The cast
membranes with an estimated thickness of about 3 mm needed
about 20 minutes to develop 95 % of the equilibrium signal
upon exposure to a Pb2� concentration of 10ÿ6m, whereas it
took only four minutes to respond to a Pb2� concentration of
10ÿ4m. The extraction rate is higher than the wash-out rate.
The slow response to low concentrations of Pb2� is a practical
problem in determining the detection limit. However, the
response time may be improved with spin-coated membranes
and optimized component concentrations, making it possible
to measure in conditions (neutral pH, lower [Na�]) with
detection limits below 10ÿ7m.


Conclusion


Bulk optodes with high sensitivity and selectivity for Pb2� ions
have been prepared by the incorporation of calix[4]arene
chromoionophores in plasticized PVC membranes. The
results demonstrate that intrinsic optical sensors which use
chromoionophores have advantages over extrinsic sensors in
terms of sensitivity and selectivity. Because of the integration
of the chromophore with the receptor unit, the optode
membranes containing 1 and 2 respond only to ions that are
complexed, not to those that partition into the membrane
without binding to the receptor. It was therefore possible to
introduce a novel ion-exchange mechanism for optode
membranes, which makes use of monovalent metal ions and
protons as the exchanged ions. The responses of membranes
containing chromoionophore 3 illustrate that enhanced se-
lectivity for divalent metal ions is already achieved with this
ion-exchange scheme alone, because of the extra electrostatic
interaction when the chromoionophores are deprotonated in
complexes with divalent metal ions. This is important, since
monovalent metal ions have higher partition coefficients. The
sensitivity of the resulting membrane is comparable to that of
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the best extrinsic optode membranes,[26] whereas different
characteristics are obtained in terms of modulation of the pH
and the presence of other ions. An advantage of the intrinsic
transduction mechanism is that interfering monovalent metal
ions give a blue shift of the absorption maximum instead of a
red shift. This should make it possible to eliminate their
interference during data analysis.[30]


Experimental Section


General : All chemicals used for synthesis were of reagent grade quality,
obtained from Acros, Merck, or Aldrich, and were used without further
purification. Solvents were dried and purified by standard laboratory
methods. THF was freshly distilled from Na. Silica gel 60 was used for all
column chromatography and preparative TLC. NMR spectra were
recorded on a Varian Unity INOVA (300 MHz) spectrometer. FAB-MS
spectra were measured on a Finnigan MAT 90 spectrometer with m-
nitrobenzylalcohol (NBA) as matrix. Melting points are uncorrected. All
reactions were conducted under argon atmosphere unless otherwise noted.
In the systematic name of the prepared compounds, calix[4]arene is used in
stead of the official chemical abstract name: pentacyclo-
[19,3,1,13,7,10,13,115,10]octacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-
dodecaene-25,26,27,28-tetrol. The optode membranes were prepared with
high molecular weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl)seba-
cate (DOS), and potassium tetrakis[1,3-bis(trifluoromethyl)phenyl]borate
from Fluka. The optode membrane measurements were conducted at 21 8C,
with either a flow cell or an optical fiber probe. The Helma flow cell was
used in combination with a peristaltic pump (Gilson model M313) and a
Hewlett Packard 8452 diode array spectrophotometer; the Helma optical
fiber probe was used in combination with a Cary 3E UV-visible
spectrophotometer, in the spectral region of 350 ± 650 nm, as the switching
between the Vis and UV lamps below 350 nm gave offsets in the spectra.
During purification by column chromatography, compounds containing
amido groups were usually eluted from silica by using a 15:1 mixture of
ethyl acetate and methanol, in which NaClO4 (0.5 g per 500 mL eluent) was
dissolved. After evaporation of the solvents under reduced pressure, the
product was therefore isolated as the Na� complex. The salts were removed
by adding dichloromethane to the residue followed by extensive washing
with dilute HCl (0.01m) and water. The salt-free product was obtained
either by precipitation, or by evaporation of the dichloromethane. This
frequently led to inclusion of dichloromethane in the solid, as shown by the
elemental analysis and 1H NMR spectra.


25,27-Dihydroxy-26-methoxy-28-phenylmethoxycalix[4]arene (6): Mono-
methoxy calix[4]arene 4 (1.50 g, 3.5 mmol), K2CO3 (0.73 g, 4.8 mmol), and
benzyl bromide (0.88 g, 4.8 mmol) were added to acetonitrile (250 mL),
after which the mixture was heated under reflux at 90 8C for 48 h. The
solvent was then evaporated under reduced pressure and dichloromethane
(100 mL) was added to the residue. This was followed by washing with
dilute HCl (3� 50 mL, 0.01m) and water (50 mL). The product was purified
by column chromatography (SiO2, dichloromethane/hexane 1:1) followed
by precipitation from dichloromethane/hexane to give 0.64 g (34 %) of
compound 6 as a white powder. M.p. 253 ± 258 8C; 1H NMR (300 MHz,
[D1]chloroform, 25 8C): d� 3.31 and 4.30 (ABq, 2J(H,H)� 13.2 Hz, 4H;
Ar-CH2-Ar), 3.41 and 4.34 (ABq, 2J(H,H)� 13.2 Hz, 4 H; Ar-CH2-Ar), 4.01
(s, 3H; O-CH3), 5.12 (s, 2H; O-CH2-Ar), 6.68 (t, 3J(H,H)� 7.2 Hz, 2H;
pArH), 6.73 ± 6.78 (m, 2H; pArH), 6.90 (br d, 3J(H,H)� 7.2 Hz, 4H;
mArH), 7.06 and 7.09 (2dd, 3J(H,H)� 4.2 Hz, 4J(H,H)� 1.8 Hz, 4 H;
mArH), 7.41 ± 7.50 (m, 3 H; ArH), 7.65 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)�
1.8 Hz, 2H; oArH), 7.77 (s, 2 H; OH); MS (FAB): m/z (%): 529.2 (100)
[M�H]� , 551.2 (10) [M�Na]� ; elemental analysis calcd (%) for C36H32O4 ´
0.05 CH2Cl2 (528.65): C 81.25, H 6.07; found: C 81.24, H 6.06.


25,27-Dihydroxy-26-phenylmethoxy-28-propoxycalix[4]arene (7): Mono-
propoxy calix[4]arene 5 (3.10 g, 6.6 mmol), K2CO3 (0.96 g, 6.6 mmol), and
benzyl bromide (5.94 g, 33 mmol) were added to acetonitrile (300 mL). The
mixture was heated under reflux overnight at 90 8C. After evaporation of
the solvent, dichloromethane (250 mL) was added to the crude product,
followed by washing with aqueous HCl (3� 100 mL, 0.01m) and water
(100 mL). The product was purified by column chromatography (SiO2,


dichloromethane/hexane 1:1), followed by precipitation (methanol/di-
chloromethane) to yield 1.26 g (34 %) of 7 as a white powder. M.p. 231 ±
236 8C; 1H NMR (300 MHz, [D1]chloroform, 25 8C): d� 1.28 (t, 3J(H,H)�
7.5 Hz, 3H; CH2CH2-CH3), 2.09 (m, 3J(H,H)� 7.5 Hz, 2H; CH2-CH2-CH3),
3.41 and 4.34 (ABq, 2J(H,H)� 12.9 Hz, 4H; Ar-CH2-Ar), 3.42 and 4.40
(ABq, 2J(H,H)� 13.2 Hz, 4 H; Ar-CH2-Ar), 3.99 (t, 3J(H,H)� 6.6 Hz, 2H;
O-CH2-CH2CH3), 5.11 (s, 2 H; O-CH2-Ph), 6.69 (t, 3J(H,H)� 7.5 Hz, 2H;
pArH), 6.74 ± 6.83 (m, 2 H; pArH) , 6.95 (d, 3J(H,H)� 7.5 Hz, 2H; mArH),
6.97 (d, 3J(H,H)� 7.8 Hz, 2H; mArH), 7.11 (br d, 3J(H,H)� 7.8 Hz, 4H;
mArH), 7.42 ± 7.52 (m, 3H; m,pArH), 7.79 (dd, 3J(H,H)� 6.6 Hz,
4J(H,H)� 1.5 Hz, 2H; oArH), 8.18 (s, 2H; OH); MS (FAB): m/z (%):
556.3 (100) [M]� , 557.3 (90) [M�H]� , 579.3 (6) [M�Na]� ; elemental
analysis calcd (%) for C38H36O4 ´ 0.75 H2O (557.71): C 80.04, H 6.63; found:
C 80.07, H 6.21.


25,27-Bis(dimethylaminocarbonylmethoxy)-26-methoxy-28-phenylmeth-
oxycalix[4]arene (8): Calix[4]arene 6 (0.490 g, 0.93 mmol), NaH (0.051 g,
1.86 mmol), and N,N-dimethylchloroacetamide (0.67 g, 5.58 mmol) were
mixed in acetonitrile (125 mL). This mixture was heated under reflux
overnight at 90 8C. After the solvent was removed under reduced pressure,
the residue was taken up in dichloromethane (60 mL) and washed with
aqueous HCl (3� 30 mL, 0.01m) and water (30 mL). The crude product was
purified by column chromatography (SiO2, ethyl acetate/methanol/Na-
ClO4). Most impurities were eluted off the column with 5% methanol in
ethyl acetate, after which NaClO4 was added to the eluent (0.5 g in 500 mL)
and 6 was collected, yielding 0.50 g (77 %). 1H NMR (300 MHz, [D3]ace-
tonitrile, NaClO4, 25 8C): d� 2.82 (s, 6H; N-CH3), 3.19 (s, 6H; N-CH3), 3.23
and 3.78, 3.47 and 4.22 (2ABq, 2J(H,H)� 12.5 Hz, 8H; Ar-CH2-Ar), 3.84
(s, 3H; O-CH3), 4.48 and 4.57 (ABq, 2J(H,H)� 14.7 Hz, 4 H; O-CH2-
C(O)), 5.01 (s, 2H; O-CH2-Ph), 6.89 (t, 3J(H,H)� 7.8 Hz, 2H; pArH), 6.91
(t, 3J(H,H)� 7.8 Hz, 1H; pArH), 6.92 (t, 3J(H,H)� 7.8 Hz, 1H; pArH),
7.19 ± 7.24 (m, 6 H; ArH) 7.26 (d, 3J(H,H)� 7.8 Hz, 2 H; mArH), 7.28 (d,
3J(H,H)� 7.8 Hz, 2 H; mArH), 7.35 (dd, 3J(H,H)� 9.9 Hz, 4J(H,H)�
2.1 Hz, 2H; ArH), 7.49 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)� 2.7 Hz, 1 H;
ArH); 13C NMR (300 MHz, [D3]acetonitrile, NaClO4, 25 8C): d� 29.08,
29.39, 34.94, 63.38, 73.67, 79.75, 125.74, 126.25, 128.53, 129.10, 129.21, 129.37,
130.51, 135.12, 135.47, 135.53, 135.81, 136.16, 150.96, 151.86, 153.96, 168.89;
MS (FAB): m/z (%): 721.3 (100) [M�Na]� .


25,27-Bis(dimethylaminocarbonylmethoxy)-26-phenylmethoxy-28-pro-
poxycalix[4]arene (1,3-alternate) (9): Calix[4]arene 7 (0.150 g, 0.27 mmol),
Cs2CO3 (0.507 g, 1.6 mmol), and N,N-dimethylchloroacetamide were dis-
solved in DMF (50 mL). The mixture was heated overnight at 90 8C. After
removal of the solvent under reduced pressure, the crude product was
taken up in dichloromethane (60 mL) and washed with aqueous HCl (3�
30 mL, 0.01m) and water (30 mL). The product was twice purified by
preparative TLC (SiO2, first: methanol/ethyl acetate 1:10, second:
methanol/ethyl acetate 1:7). Recrystallization from dichloromethane/
hexane afforded 50 mg (31 %) of compound 9. M.p. 192 ± 198 8C;
1H NMR (300 MHz, [D1]chloroform, 25 8C): d� 0.97 (t, 3J(H,H)� 7.5 Hz,
3H; CH2CH2-CH3), 1.70 (m, 3J(H,H)� 7.5 Hz, 2 H; CH2-CH2-CH3), 2.55 (s,
6H; N-CH3), 2.92 (s, 6H; N-CH3), 3.57 ± 3.82 (m, 10 H; Ar-CH2-Ar and
-CH2-CH2CH3), 4.15 (s, 4 H; O-CH2-C(O)), 4.77 (s, 2H; O-CH2-Ph), 6.45 (t,
3J(H,H)� 7.8 Hz, 2H; pArH), 6.63 (bd, 3J(H,H)� 7.2 Hz, 2 H; mArH), 6.72
(t, 3J(H,H)� 7.5 Hz, 1H; pArH), 6.78 (t, 3J(H,H)� 7.2 Hz, 1H; pArH),
6.93 (dd, 3J(H,H)� 6.9 Hz, 4J(H,H)� 1.5 Hz, 2H; oArH), 7.02 ± 7.07 (m,
6H; mArH), 7.23 ± 7.29 (m, 3H; m,pArH); 13C NMR (300 MHz,
[D1]chloroform, 25 8C): d� 9.94, 23.47, 35.14, 37.04, 37.29, 37.39, 71.72,
72.50, 73.07, 117.82, 122.22, 122.75, 122.82, 127.27, 127.84, 127.97, 130.40,
130.92, 131.05, 134.12, 135.00, 135.25, 138.33, 157.08, 157.82, 161.04, 168.87;
MS (FAB): m/z (%): 727.4 (53) [M�H]� , 749.4 (100) [M�Na]� .


25,27-Bis(dimethylaminocarbonylmethoxy)-26-hydroxy-28-methoxycalix-
[4]arene (10): Calix[4]arene 8 (0.40 g, 0.58 mmol) was dissolved in 1:1
ethanol/THF (50 mL), after which the mixture was deoxygenated by
bubbling through argon. A catalytic amount of 5 % Pd on activated carbon
was added, and the flask was then flushed with hydrogen. The reaction
mixture was stirred overnight under a hydrogen atmosphere at room
temperature. The catalyst was removed by filtration through paper. The
solvents were removed under reduced pressure, and the product was
purified by preparative TLC (SiO2, methanol/ethyl acetate 1:10), yielding
170 mg (49 %) of compound 10 as a white powder. M.p. 102 ± 109 8C;
1H NMR (300 MHz, [D1]chloroform, 25 8C): d� 3.05 (s, 6H; N-CH3), 3.21
(s, 6 H; N-CH3), 3.31, 3.37, 4.39, and 4.48 (2 ABq, 2J(H,H)� 13.5 Hz, 8H;
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Ar-CH2-Ar), 4.00 (s, 3H; O-CH3), 4.49 and 4.66 (ABq, 2J(H,H)� 12.9 Hz,
4H; O-CH2-C(O)), 6.47 ± 6.56 (m, 6 H; ArH), 6.80 (t, 3J(H,H)� 7.2 Hz, 1H;
pArH), 6.97 (t, 3J(H,H)� 7.2 Hz, 1H; pArH), 7.13 (d, 3J(H,H)� 7.8 Hz,
2H; mArH), 7.18 (d, 3J(H,H)� 7.8 Hz, 2 H; mArH), 8.10 (s, 1 H; OH);
13C NMR (300 MHz, [D1]chloroform, 25 8C): d� 30.59, 35.03, 36.22, 60.39,
73.50, 119.06, 122.83, 123.47, 127.62, 127.72, 127.93, 128.64, 130.32, 131.80,
133.03, 136.04, 152.76, 153.99, 157.44, 167.42; MS (FAB): m/z (%): 608.4
(31) [M]� , 609.4 (94) ([M�H]� , 631.5 (100) [M�Na]� ; elemental analysis
calcd (%) for C37H40N2O6 (608.74): C 73.01, H 6.62, N 4.60; found: C 72.93,
H 6.65, N 4.53.


25,27-Bis(dimethylaminocarbonylmethoxy)-26-hydroxy-28-propoxycalix-
[4]arene (partial-cone) (11): 1,3 Alternate calix[4]arene 9 (0.70 g,
0.96 mmol) was dissolved in 1:1 ethanol/THF (100 mL). This was saturated
with argon for half an hour. A catalytic amount of 5 % Pd on activated
carbon was added, and the flask flushed with hydrogen. The reaction
mixture was stirred overnight at room temperature under a hydrogen
atmosphere. The mixture was then filtered through paper twice, and the
solvents were evaporated. The product was purified by preparative TLC
(SiO2, methanol/dichloromethane 1:1, NaClO4). This yielded 200 mg
(33 %) of pure 11 as a white powder. M.p. 212 ± 215 8C; 1H NMR
(300 MHz, [D1]chloroform, 25 8C): d� 0.62 (t, 3J(H,H)� 7.5 Hz, 3H;
CH2CH2-CH3), 1.27 (sx, 3J(H,H)� 7.5 Hz, 2H; CH2-CH2-CH3), 3.02 (s,
6H; N-CH3), 3.04 (s, 6H; N-CH3), 3.24 (t, 3J(H,H)� 7.5 Hz, 2H; O-CH2-
CH2CH3), 3.28 and 4.2 (ABq, 2J(H,H)� 13.2 Hz, 4 H; Ar-CH2-Ar), 3.85
and 3.91 (ABq, 2J(H,H)� 15.6 Hz, 4 H; Ar-CH2-Ar), 4.41 and 4.62 (ABq,
2J(H,H)� 12.6 Hz, 4H; O-CH2-C(O)), 4.73 (s, 1H; OH), 6.67 (t, 3J(H,H)�
7.2 Hz, 1 H; pArH), 6.76 (t, 3J(H,H)� 7.5 Hz, 2 H; pArH), 6.88 (dd,
3J(H,H)� 7.8 Hz, 4J(H,H)� 1.7 Hz, 2 H; mArH), 6.90 (t, 3J(H,H)� 7.2 Hz,
1H; pArH), 7.00 (dd, 3J(H,H)� 7.2 Hz, 4J(H,H)� 1.5 Hz, 2 H; mArH), 7.05
(d, 3J(H,H)� 7.5 Hz, 2H; mArH), 7.22 (d, 3J(H,H)� 7.8 Hz, 2 H; mArH);
13C NMR (300 MHz, [D1]chloroform, 25 8C): d� 9.25, 22.39, 30.66, 35.13,
36.41, 37.31, 72.05, 72.23, 117.93, 121.20, 123.53, 127.33, 127.64, 128.92,
129.75, 132.58, 133.06, 133.66, 152.75, 154.29, 156.43, 167.38; MS (FAB): m/z
(%): 636.1 (27) [M]� , 637.2 (80) [M�H]� , 659.2 (100) [M�Na]� ; elemental
analysis calcd (%) for C39H44N2O6 (636.79): C 73.56, H 6.96, N 4.40; found:
C 73.30, H 7.02, N 4.56.


25,27-Bis(dimethylaminocarbonylmethoxy)-26-hydroxy-28-methoxy-11-p-
nitrophenyldiazacalix[4]arene (1): p-Nitroaniline (0.25 g, 1 mmol) and
aqueous HCl (0.2 mL 12m, 2.4 mmol) were added to a mixture of methanol
(50 mL) and water (25 mL), and the mixture was cooled to 0 8C. NaNO2


(0.069 g, 0.99 mmol) was added, after which the mixture was stirred for
30 minutes at 0 8C before it was added dropwise to a solution of
calix[4]arene 10 (0.20 g, 0.33 mmol) in THF (250 mL) at 0 8C. After stirring
for 30 minutes, NaClO4 (100 mg, mmol) was added, and the reaction
mixture was carefully titrated to neutral pH with an aqueous solution of
KOH (1m). After 3 h the reaction temperature was allowed to rise to room
temperature, and the mixture was acidified with dilute HCl (0.1m). The
organic solvents were removed under reduced pressure, and the remaining
mixture was extracted with dichloromethane (3� 80 mL). The organic
phase was washed with dilute HCl (3� 20 mL, 0.01m) and water (20 mL).
Removal of the solvent afforded the crude product, which was purified by
preparative TLC (SiO2, methanol/dichloromethane, methanol/ethyl ace-
tate), followed by precipitation from dichloromethane/hexane to yield
100 mg of compound 1 (40 %) as a dark orange solid. M.p. 140 8C
(decomp); 1H NMR (300 MHz, [D1]chloroform, 25 8C): d� 2.98 (s, 6H;
N-CH3), 3.10 (s, 6H; N-CH3), 3.22 and 3.42, 4.35 and 4.38 (2 ABq,
2J(H,H)� 13.2 Hz, 8 H; Ar-CH2-Ar), 3.91 (br s, 3H; O-CH3), 4.53 (br s, 4H;
O-CH2-C(O)), 6.38 ± 6.50 (m, 4H; pArH), 6.57 (dd, 3J(H,H)� 6.9 Hz,
4J(H,H)� 2.1 Hz, 1 H; pArH), 6.83 ± 7.14 (m, 6H; ArH), 7.74 (s, 2H;
mArH), 7.91 (dd, 3J(H,H)� 8.3 Hz, 4J(H,H)� 1.8 Hz, 2H; C(N2)-CH), 8.29
(dd, 3J(H,H)� 9.0 Hz, 4J(H,H)� 2.1 Hz, 2H; C(NO2)-CH); 13C NMR
(300 MHz, [D1]chloroform, 25 8C): d� 30.53, 30.81, 35.06, 36.05, 60.07,
73.24, 122.36, 122.77, 123.63, 124.10, 124.20, 127.68, 128.16, 128.56, 129.61,
130.88, 133.13, 135.79, 144.97, 147.40, 153.94, 155.95, 157.58, 158.24, 167.24;
UV/Vis (dichloromethane): lmax (e)� 450 nm (50 000 molÿ1 dm3 cmÿ1); MS
(FAB): m/z (%): 758.4 (33) [M�H]� , 780.5 (100) [M�Na]� ; elemental
analysis calcd (%) for C43H43N5O8 ´ 0.5 H2O (757.85): C 67.35, H 5.78, N
9.13; found: C 67.15, H 5.83, N 9.03.


25,27-Bis(dimethylaminocarbonylmethoxy)-26-hydroxy-28-propoxy-11-p-
nitrophenyldiazacalix[4]arene (partial-cone) (2): p-Nitroaniline (0.104 g,
2.7 mmol) and aqueous HCl (0.25 mL 12m, 3 mmol) were added to a


mixture of methanol (25 mL) and water (125 mL) and cooled to 0 8C.
NaNO2 (0.057 g, 0.83 mmol) was added, after which the mixture was stirred
for 30 minutes at 0 8C before it was added dropwise to a solution of
calix[4]arene 11 (0.160 g, 0.25 mmol) and potassium tert-butoxide (0.28 g,
0.25 mmol) in THF (125 mL) at 0 8C. After 1 h stirring, Pb(ClO4)2


(50 mg, mmol) was added, and the reaction mixture stirred 1 h. The
reaction mixture was then poured into water (800 mL), and the precipitate
was filtrated off. The water layer was extracted with dichloromethane (3�
80 mL) to remove the last traces of product, after which the organic layer
was combined with the residue of the filtration. Washing of the dichloro-
methane solution with aqueous HCl (3� 50 mL, 0.01m and water (50 mL)
and subsequent removal of the solvent afforded the crude product, which
was purified by preparative TLC (SiO2, methanol/dichloromethane 1:10),
followed by precipitation from dichloromethane/hexane to yield 100 mg of
compound 2 (51 %) as a red/orange solid. M.p. 236 ± 246 8C; 1H NMR
(300 MHz, [D1]chloroform, 25 8C): d� 0.63 (t, 3J(H,H)� 7.8 Hz, 3H;
-CH2CH2CH3), 1.28 (m, 3J(H,H)� 7.8 Hz, 2 H; -CH2CH2CH3), 3.04 (s,
6H; N-CH3), 3.07 (s, 6H; N-CH3), 3.32 (t, 3J(H,H)� 7.5 Hz, 2H;
-CH2CH2CH3), 3.42 and 4.26 (ABq, 2J(H,H)� 13.2 Hz, 4 H; Ar-CH2-Ar),
3.87 and 3.93 (ABq, 2J(H,H)� 16.6 Hz, 4H; Ar-CH2-Ar), 4.43 and 4.69
(ABq, 2J(H,H)� 13.2 Hz, 4 H; O-CH2-C(O)), 6.80 (t, 3J(H,H)� 7.8 Hz,
2H; pArH), 6.93 (t, 3J(H,H)� 7.2 Hz, 1 H; pArH), 6.99 (d, 3J(H,H)�
8.1 Hz, 2 H; mArH), 7.03 (d, 3J(H,H)� 9.3 Hz, 2H; mArH), 7.22 (d,
3J(H,H)� 7.2 Hz, 2 H; mArH), 7.80 (s, 2H; mArH), 7.99 (d, 2J(H,H)�
9.0 Hz, 4 H; C(N2)-CH), 8.38 (d, 2J(H,H)� 8.7 Hz, 2 H; C(NO2)-CH),
8.52 (s, 1 H; OH); 13C NMR (300 MHz, [D1]chloroform, 25 8C): d� 9.26,
22.56, 30.65, 35.21, 36.26, 37.44, 52.91, 71.82, 121.40, 122.29, 123.69, 123.92,
124.19, 128.35, 128.95, 129.16, 129.52, 131.83, 133.28, 133.61, 144.91, 147.28,
154.32, 156.05, 156.37, 158.04, 167.36; UV/Vis (dichloromethane): lmax (e)�
450 nm (50 000 molÿ1 dm3 cmÿ1); MS (FAB): m/z (%): 808.7 (100)
[M�Na]� ; elemental analysis calcd (%) for C45H47N5O8 (785.90): C 68.77,
H 6.03, N 8.91; found: C 68.53, H 6.00, N 8.85.


Membrane preparation : In THF (1 mL), chromoionophore (1 mg: 1.6 mmol
1, 1.3 mmol 2), 1 equivalent of potassium tetrakis[3,5-bis(trifluoro- meth-
yl)]borate (1.4 mg, 1.6 mmol and 1.1 mg 1.3 mmol, respectively), high
molecular weight PVC (26 mg), poly(urethane) (7 mg), and DOS (65 mg)
were dissolved. 50 mL of the membrane solutions were cast directly onto
the flow cell or the fiber optic probe, after which the THF was allowed to
evaporate. Before using the membranes they were conditioned in a pH-
buffered (10ÿ3m 2-(N-morpholinyl)ethanesulfonic acid (MES) buffer)
solution of NaCl until a stable signal was obtained. The sample flow in
the flow cell was 6 mL minÿ1. The sample solutions measured with the fiber
optic probe were stirred magnetically.
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Aurophilic Attraction and Luminescence of Binuclear Gold(i) Complexes with
Bridging Phosphine Ligands: ab initio Study


Hong-Xing Zhang and Chi-Ming Che*[a]


Abstract: Electronic structure and
spectroscopic properties of [Au2-
(dpm)2]2� (dpm� bis(diphosphino)me-
thane) were studied by ab initio calcu-
lations. The absorption and emission
spectra of this binuclear gold(i) complex
in acetonitrile and in the solid state were
calculated by single excitation configu-
ration interaction (CIS) method. In the
calculations, the solvent effect was taken
into account by the weakly solvated
[Au2(dpm)2]2� ´ (MeCN)2 complex. The
ground state structures of [Au2(dpm)2]2�


and [Au2(dpm)2]2� ´ (MeCN)2 were opti-
mized by the second-order Mùller ±
Plesset perturbation (MP2) method,
while the emissive triplet excited state


structures were optimized by the CIS
calculations. The results reveal that
coordination of acetonitrile to the gold
atom in the 3[ds*ss] excited state causes a
significant red shift in emission energy.
The weak aurophilic attraction exists in
the ground states of [Au2(dpm)2]2� and
[Au2(dpm)2]2� ´ (MeCN)2, and is greatly
enhanced in their 3[ds*ss] excited states.
In acetonitrile, the 3Au(ss)! 1Ag(ds*)
transition (phosphorescence) of
[Au2(dpm)2]2� was calculated at


557 nm, in consistent with the observ-
ed emission of [Au2(dppm)2](ClO4)2


(dppm� bis(diphenylphosphino)metha-
ne) at 575 nm. A high energy emission at
331 nm is predicted for [Au2(dpm)2]2� in
the absence of the interaction between
the gold atom and solvent molecule and/
or neighboring anion in the excited state.
The CIS calculations on the excited
states also reveal that the two absorption
bands at 278 and 218 nm recorded for
[Au2(dcpm)2](ClO4)2 in acetonitrile can
be attributed to the 1Ag(ds*)! 1Au(ps)
and 1Ag(ds*)! 1Au((sp)s) transitions, re-
spectively.


Keywords: ab initio calculations ´
aurophilic interaction ´ gold ´ lumi-
nescence ´ solvent effects


Introduction


The aurophilic attraction[1±4] and photoluminescence[5±12] of
gold(i) complexes have kept gold(i) chemistry to be one of the
most attractive fields in recent years. A wide range of
luminescent gold(i) complexes have been synthesized and
structurally characterized, and their absorption and emission
spectra have been examined in considerable detail.[3, 5±10] Very
precise computations, taking electron correlation and rela-
tivistic effects into account, have estimated the strength of
weak AuI ± AuI interaction.[1, 2, 4] In addition, theoretical Xa,
and SCF calculations have been undertaken to rationalize the
luminescent properties of gold(i) complexes.[5] In light of the
difference in absorption and emission properties between
mononuclear and binuclear gold(i) phosphine complexes, the
relationship between aurophilic attraction (intra- and inter-
molecular) and luminescence behavior has been empha-
sized.[5±7, 9±13] The lowest energy emissions of binuclear gold(i)


complexes containing bridging phosphine ligands have pre-
viously been assigned to metal-localized transitions, and
aurophilic attraction was involved to explain the red shift in
photoluminescence from the mononuclear to binuclear com-
plexes. For example, the 575 nm emission of [Au2(dppm)2]-
[ClO4]2 (dppm� bis(diphenylphosphino)methane) recorded
in acetonitrile was attributed to the metal-localized 6ps! 5ds*


transition.[5, 6] For (TPA)AuSPh (TPA� 1,3,5,-triaza-7-phos-
phaadamantanetriylphosphine) and its derivatives, their low-
est energy emissions were attributed to ligand-to-metal
charge transfer (LMCT) transitions.[10]


In principle, no bonding interaction is to be expected
between two closed-shell metal ions with an nd10(n� 1)s0


electronic configuration. However, results from extensive
experimental and theoretical studies revealed that a weak
bonding exists between two gold(i) atoms at a separation of
less than 3.5 �.[1, 2] Indeed, there are many gold(i) complexes
(such as [Au2(dppm)2]2�,[5, 6] Au2X2(dppm) (X�Cl, Br, and
I),[3, 14] and AuCl(PPh3)[15]) that show intra- and intermolec-
ular weak AuI ± AuI bonding attraction with stabilization
energy estimated to be around 5 ± 10 kcal molÿ1.[1±3] In these
gold(i) phosphine complexes, the phosphine ligands are
electron donors which would partially neutralize the positive
charge localized on the gold atoms through the AuÿP dative
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bonding interactions. This leads to partial electronic charge to
reside on the 6s and 6p orbitals of AuI and results in a
breakdown of the closed-shell 5d106s0 configuration, thus
accounting for the aurophilic attraction. Pyykkö and co-
workers also attributed the aurophilic attraction to relativistic
effect together with dispersive interaction.[2, 16]


Although gold(i) is usually two-coordinated with a linear
coordination geometry, three-coordinated gold(i) species are
not uncommon.[8, 17] In two-coordinate cationic gold(i) phos-
phine complexes such as [Au2(dppm)2]2�, [Au2(dcpm)2]2�


(dcpm� bis(dicyclohexylphosphino)methane),[18] and [Au2-
(dmpm)2]2� (dmpm� bis(dimethylphosphino)methane),[19]


the gold atoms bear positive electronic charge. Therefore,
upon dissolution of these species in acetonitrile, the three-
coordinated weakly solvated gold(i) complexes as shown in
Equation (1) are likely to exist. Indeed, X-ray crystal struc-
ture of [Au2(dmpm)2]Cl2 revealed that the AuP2 moieties
weakly interact with the Clÿ anions with the AuÿCl distances
being 3.49(2) �.[19a] Consequently, we envisaged that the
emission and absorption properties of two-coordinate gold(i)
phosphine complexes would be affected by solvent and/or
neighboring nucleophilic molecules.


Au


P


P


Au


P


P


Au


P


P


Au


P


P


MeCN NCMe


2+ 2+


2MeCN+ (1)


In the literature, there are many examples of binuclear gold(i)
phosphine complexes which show visible photoluminescence
in solution, the emission maxima of which are dramatically
red-shifted from the lowest energy dipole-allowed electronic
transitions of these complexes.[12] For example, the lowest
energy dipole-allowed transition of [Au2(dppm)2](ClO4)2 is at
292 nm, but the emission maximum of this complex recorded
in acetonitrile is at 575 nm.[5, 6] Such a large Stokes shift
(2.09 eV) between the absorption and emission energies is
very striking and demands a better understanding of the
nature of the excited states. In this work, we employed ab
initio methods to study the electronic structure and spectro-
scopic properties of the [Au2(dpm)2]2� (dpm� bis(diphosphi-
no)methane) and the weakly solvated [Au2(dpm)2]2� ´
(MeCN)2 cations. The calculations indicate that coordination
of acetonitrile to the gold atoms in the excited state is
primarily responsible for the visible emission spectra. The
weak aurophilic attraction exists in the ground states of
[Au2(dpm)2]2� and [Au2(dpm)2]2� ´ (MeCN)2, and is greatly
enhanced in their 3(ds*ss) excited states. A high energy
emission at 331 nm is predicted for the [Au2(dpm)2]2� cation
when the solvent and anion interaction with the gold atoms in
the excited state is absent.


Computational details
In this work, [Au2(dpm)2]2� was used as a computational


model for [Au2(dppm)2]2�, [Au2(dcpm)2]2�, and [Au2-
(dmpm)2]2�. The same model compound had previously been
employed by Fackler and co-workers in their SCF-Xa-SW
molecular orbital study on the photoluminescence of


[Au2(dppm)2](BF4)2.[5] In fact, it is not uncommon in ab initio
calculations to use hydrogen to substitute phenyl, methyl, or
cyclohexyl groups in phosphine ligands. Pyykkö and Schmid-
baur have also adopted this approach in their theoretical
studies on the aurophilic attraction in mononuclear and
polynuclear gold(i) phosphine complexes.[16] Härberlen and
Rösch have investigated the effect of phosphine substituents
in gold(i) complexes by the linear combination of Gaussian-
type orbitals (LCGTO) local density functional (DFT)
method to obtain the optimized AuÿP bond lengths of 2.29,
2.25, and 2.28 � for MeAuPH3, MeAuPMe3, and MeAuPPh3


respectively.[16c]


To account for the solvent effect on the spectroscopic pro-
perties, two acetonitrile molecules were added to the gold
atoms as depicted in Figure 1 to give a quasi three-coordi-
nated [Au2(dpm)2]2� ´ (MeCN)2 complexes. This supposition is
not unrealistic as there are a number of three-coordinate
gold(i) complexes with T-shape structures in the literature.[17b, 19]


Figure 1 also presents the structure of the [Au2(dpm)2]2� cation.


Figure 1. The optimized structure of the 1Ag ground state of
a) [Au2(dpm)2]2� and b) [Au2(dpm)2]2� ´ (MeCN)2 using MP2 calculations.


The second-order Mùller ± Plesset (MP2) method[20] has
widely been used for ground state calculations[21] and the
configuration interaction (CI) method[22] is one of the best
methods for the excited state calculations.[23] Full optimiza-
tions on the ground state structures were performed under the
MP2 calculations for both [Au2(dpm)2]2� and [Au2(dpm)2]2� ´
(MeCN)2. Based on these calculations, single excitation
configuration interaction (CIS) calculations were carried out
to reveal the excited state electronic structures. In the
calculation of emission spectrum, the excited structure was
fully optimized.


In the calculations, quasi-relativistic pseudopotentials of
the Au and P atoms proposed by Hay and Wadt[24] with 19 and
5 valence electrons, respectively, were employed and the
LANL2DZ basis sets associated with the pseudopotential
were adopted. The basis sets were taken as Au(8s6p4d/
3s3p2d), P(3s3p/2s2p), N(10s5p/3s2p), C(10s5p/3s2p), and
H(4s/2s). Thus, 118 basis functions and 80 electrons for
[Au2(dpm)2]2�, and 184 basis functions and 134 electrons for
[Au2(dpm)2]2� ´ (MeCN)2 were included in the calculations.
All the calculations were accomplished using the Gaussian 94
program package[25] and on a Silicon Graphics Indigo 2
workstation.
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The basis set is an important parameter in ab initio
calculations. In general, a larger basis set can lead to a more
accurate calculation, but would demand more computational
time and recourses, especially in investigations of the excited
state. We have examined the impact of the phosphorous 3d
orbitals in our computational models by performing calcu-
lations on the [Au(PH3)2]� monomer. Table 1 shows the


optimized structures of the ground state (by MP2 method)
and the excited state (by CIS method) for [Au(PH3)2]� with
and without a phosphorous d function in the calculation. The
result indicates that the P 3d orbitals have only a very little
effect on the ground and excited states. Therefore, we did not
incorporate such orbitals in our chosen basis set for the
subsequent calculations to save computational time.


In their crystalline forms, the [Au2(dppm)2]2�,[5, 6] [Au2-
(dcpm)2]2�,[18] and [Au2(dmpm)2]2�[19] complexes have a chair
conformation with a Ci symmetry. For this reason, the model
complex, [Au2(dpm)2]2�, was also set to have a Ci symmetry as
depicted in Figure 1. This is different from previous works
where C2h symmetry for the same model complex,[5] with all
the Au and P atoms being coplanar, was adopted in the
calculations. For [Au2(dpm)2]2�, there is only a slight differ-
ence between the Ci and C2h structures. However, as discussed
in later sections, when the solvent molecules are taken into
account, the assignment of C2h symmetry is not appropriate,
because the Au and P atoms are no longer co-planar.


Under the Ci symmetry and the basis sets employed, the
total 118 orbitals of [Au2(dpm)2]2� are reduced to 59 ag and 59
au irreducible orbitals. Likewise, the 184 orbitals of [Au2-
(dpm)2]2� ´ (MeCN)2 are reduced to 92 ag and 92 au irreducible
orbitals. All these orbitals were included in the MP2 and CIS
calculations in order to have all of the possible electron
correlations in the present computational level. To facilitate
the post-calculation treatment, for both [Au2(dpm)2]2� and
[Au2(dpm)2]2� ´ (MeCN)2, the origin was put in the middle of
the two Au atoms, and the z axis orients to an Au atom, while
the x axis points to the bridging C atom of the dpm moiety
(Figure 1).


Results and Discussion


In recent years, extensive studies have been performed on the
photoluminescence and photophysical properties of binuclear
and polynuclear gold(i) complexes.[12] With the aid of semi-


empirical quantum chemical calculations, the absorption and
emission spectra of some gold(i) complexes have been
assigned. By SCF-Xa-SW calculation, Fackler and co-workers
assigned the 292 nm absorption and low energy emission of
[Au2(dppm)2]2� in acetonitrile to the respective spin-
allowed s*(s,dz2)!s(pz) and spin-forbidden s(pz)! s*(s,dz2)
(3Au! 1Ag) transitions under a C2h symmetry.[5] We gave the
same assignment to the 292 nm absorption band and proposed
the lowest triplet emissive state to be (dd*)1(ps)1 in nature.[6] In
this work ab inito calculations on the excited states of
[Au2(dpm)2]2� and [Au2(dpm)2]2� ´ (MeCN)2 were performed,
in order to address the large Stokes shift of the 292 nm
absorption band and the low energy emission of [Au2(dpp-
m)2]Y2 at 575 (Y�ClO4)[6] and 593 nm (Y�BF4)[5] measured
in acetonitrile.


The full MP2 optimization on the [Au2(dpm)2]2� and
[Au2(dpm)2]2� ´ (MeCN)2 cations indicated that the former
has a 1Ag ground state either in the solid state or in
acetonitrile. The main optimized geometrical parameters are
listed in Table 2. In [Au2(dpm)2]2�, the AuI adopts a linear


two-coordinate geometry. The dihedral P-Au-Au-P angle and
P-Au-P angle are 179.38 and 179.48, respectively; this suggests
that the Au and P atoms are almost co-planar. However, in
[Au2(dpm)2]2� ´ (MeCN)2, these two angles change into 166.98
and 167.28, respectively. This reveals that the interaction
between AuI and the acetonitrile molecule pulls the former
out of the plane spanned by the Au and P atoms in opposite
direction. Therefore, the C2h symmetry is only valid for
[Au2(dpm)2]2�, but not for [Au2(dpm)2]2� ´ (MeCN)2. For
[Au2(dpm)2]2� ´ (MeCN)2, the calculated AuÿN(MeCN) dis-
tances are 2.583 �, which indicates that the MeCN molecule is
weakly bonded to AuI in the ground state. The AuÿAu bond
lengths are 3.167 and 3.155 � for [Au2(dpm)2]2� and
[Au2(dpm)2]2� ´ (MeCN)2, respectively. This points to the
existence of a weak AuÿAu attraction. Very recently, Pyykkö
and co-worker optimized the ground state structure of
[Au2(dpm)2]2� by adding one d function and one f function
for the P and Au atoms into the LANL2DZ basis set.[2c] They


Table 1. The optimized structures of [Au(PH3)2]� in the ground and
excited state under the MP2 and CIS calculations.


Parameter Ground state 1A1g Excited state 3A2u


without with without with
d function 1 d function d function 1 d function


AuÿP [�] 2.448 2.444 2.875 2.886
PÿH [�] 1.417 1.418 1.408 1.409
Au-P-H [8] 115.07 115.11 116.00 116.05


Table 2. The main geometry parameters of the 1Ag ground state for
[Au2(dpm)2]2� and [Au2(dpm)2]2� ´ (MeCN)2 under the MP2 calculations.


Parameter [Au2(dpm)2]2� [Au2(dpm)2]2� ´ (MeCN)2


bond length [�]
AuÿAu 3.167 3.155
AuÿP 2.451 2.448
CÿP 1.905 1.903
AuÿN 2.583
NÿC 1.203
CÿC 1.489
bond angle [8]
P-C-P 114.0 112.3
P-Au-P 179.4 167.2
P-Au-Au 90.3 91.6
C-P-Au 113.3 114.0
Au-Au-N 117.2
dihedral angle [8]
P-Au-Au-P 179.3 166.9
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obtained equilibrium AuÿAu and AuÿP bond lengths of 2.969
and 2.341 �, respectively, which implies the f function of Au
shortens the AuÿAu and AuÿP bond lengths. We have not
included f functions of Au in our calculations after considering
the optimization capacity of the Gaussian 94 program pack-
age in second derivatives of f basis under core potential
techniques. On the other hand, the difference of the AuÿAu
bond lengths arising from the f function may not be very
significant as it is a weak interaction.


The MP2 calculation on [Au2(dpm)2]2� shows that the Au
atoms have a net �0.10 positive electronic charge, while the
electronic charge residing on the P atoms is �0.53. This is in
line with the expected charge transfer from the P lone pair to
the empty 6s and 6p orbitals of AuI. Consequently, the positive
charge of the gold atom is partially neutralized and the closed-
shell 5d106s0 electronic configuration is no longer valid.


Based on the ground state structure of [Au2(dpm)2]2� ´
(MeCN)2, we performed the CIS calculation with an objective
to evaluate the electronic structure of its excited states
obtained by direct electronic excitation in acetonitrile. The
three calculated allowed transitions are listed in Table 3


together with the spectroscopic data of [Au2(dppm)2](ClO4)2


and [Au2(dcpm)2](ClO4)2 recorded in acetonitrile for compar-
ison.


Because of the Ci symmetry of [Au2(dpm)2]2� ´ (MeCN)2


and its ground state of 1Ag, for dipole allowed transition, the
excited state should have a 1Au symmetry. Table 4 gives the


gross orbital population of each atom in [Au2(dpm)2]2� ´
(MeCN)2 for the 1Ag ground state and the three low-lying
1Au excited states.


We can see that the population on the dpm ligands and the
MeCN molecules for the A1Au and C1Au excited states is
almost the same as that of the X1Ag ground state, implying
that only charge transfer within the Au atoms is involved in
the X1Ag!A1Au and X1Ag!C1Au transitions. In the X1Ag


ground state, the electronic configuration of the Au atom is
5d9.8766s0.6476p0.387, while in the A1Au, B1Au, and C1Au excited
states the configurations are 5d9.6226s0.6906p0.609,
5d9.8756s0.6486p0.392, and 5d9.6136s0.7846p0.525, respectively. The
X1Ag!A1Au transition calculated at 245.7 nm has the largest
oscillator strength of 0.284; we relate this to the 278 nm band
of [Au2(dcpm)2](ClO4)2


[18] and the 292 nm band of
[Au2(dppm)2](ClO4)2 recorded in acetonitrile.[5, 6] In this
X1Ag!A1Au transition about 0.26 5d electron of AuI is
transferred to the 6s and 6p orbitals at ratio 1:5 statistically.
This results in a conventional ds*! ps transition which we can
intuitively understand from the density diagrams of the
frontier orbitals as shown in Figure 2. In the X1Ag!B1Au


transition, the population of the
atoms in the [Au2(dpm)2]2�


moiety remains the same be-
tween the ground and excited
states. Instead, the population
on the CN group of acetonitrile
differs as illustrated by the data
listed in Table 4. This reveals
that the transition does
not originate from the
[Au2(dpm)2]2� species but is


due to acetonitrile. The third X1Ag!C1Au transition is
metal-localized and is assigned to be ds*! (sp)s in nature,
where (sp)s denotes a s-bonding orbital with a mixed s and p
orbital character.


To describe the phosphorescence of [Au2(dpm)2]2� in
solution and in the solid state, we optimized the structure of


Table 3. The calculated absorptions of [Au2(dpm)2]2� ´ (MeCN)2 at the CIS level as compared with the observed
absorptions of [Au2(dcpm)2](ClO4)2 (ref. [18]) and [Au2(dppm)2](ClO4)2 (refs. [5] and [6]) in acetonitrile.


[Au2(dpm)2]2� ´ (MeCN)2 [Au2(dcpm)2](ClO4)2 [Au2(dppm)2](ClO4)2


transition lcalcd [nm] oscillator strength l [nm] l [nm]


X1Ag!A1Au 245.7 0.284 278 292
X1Ag!B1Au 227.4 0.002 243
X1Ag!C1Au 215.6 0.155 218


Figure 2. The single electron transitions with jCI coefficient j >0.1 in the
CIS calculation for the 245.7 nm absorption of [Au2(dpm)2]2� ´ (MeCN)2.


Table 4. The gross orbital populations for the ground 1Ag and three low-
lying 1Au excited states of [Au2(dpm)2]2� ´ (MeCN)2 involved in the
electronic excitation.


Atom Orbital 1Ag
1Au


1Au
1Au


[Au2(dpm)2]2� Au 6s 0.647 0.690 0.648 0.784
6p 0.387 0.609 0.392 0.525
5d 9.876 9.622 9.875 9.613


C 2s 1.601 1.592 1.601 1.604
2p 3.264 3.263 3.264 3.290


P 3s 1.593 1.587 1.593 1.597
3p 3.002 3.002 3.002 2.988


HC 1s 0.702 0.704 0.702 0.701
HC 1s 0.681 0.681 0.681 0.685
HP 1s 0.924 0.930 0.924 0.920
HP 1s 0.950 0.951 0.950 0.954


(MeCN)2 N 2s 1.665 1.660 1.665 1.657
2p 3.509 3.504 3.408 3.499


CN 2s 1.197 1.196 1.197 1.196
2p 2.743 2.744 2.836 2.744


CH 2s 1.471 1.471 1.471 1.471
2p 3.087 3.087 3.082 3.087
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the first 3Au excited state for [Au2(dpm)2]2� and
[Au2(dpm)2]2� ´ (MeCN)2 by the CIS method. The optimized
structures are shown in Figure 3, and the corresponding
geometry parameters are listed in Table 5.


Figure 3. The optimized structure for the 3Au emissive state of
a) [Au2(dpm)2]2� and b) [Au2(dpm)2]2� ´ (MeCN)2 using the CIS calcula-
tions.


In the 3Au excited states of both cations, the Au and P atoms
are co-planar. The shorter AuÿAu bond length in the 3Au state
of [Au2(dpm)2]2� ´ (MeCN)2 compared with that of
[Au2(dpm)2]2� implies that the AuÿAu interaction in the 3Au


excited state is slightly enhanced through coordination of
MeCN to the gold atoms. The N and C atoms of the two
acetonitrile molecules become co-planar with the Au and P
atoms. In contrast to its ground state structure, the MeCN in
the 3Au excited state of [Au2(dpm)2]2� ´ (MeCN)2 is bonded to
the Au atom with the calculated AuÿN(MeCN) bond length
of 2.377 �. Furthermore, the AuÿAu bond length of 2.719 �
reflects the formation of a AuÿAu single bond. Indeed, the
structure of the 3Au excited state of [Au2(dpm)2]2� ´ (MeCN)2


resembles that of binuclear d9 ± d9 metal ± metal bonded
complexes. For example, the [Au(CH2)2PPh2]2X2 and
[Au(CH2)2PPh2]2(CH3)X (X�Cl, Br, and I) complexes are
isostructural to the 3Au state of [Au2(dpm)2]2� ´ (MeCN)2 with
similar intramolecular gold ± gold bond lengths [d(AuÿAu)�
2.674(1) � for [Au(CH2)2PPh2]2(CH3)Br].[26] The formation of
a AuÿAu single bond in the 3Au state is consistent with the
formulation of the electronic transition that involves promo-
tion of an electron from a ds* antibonding to ss bonding
orbital. The AuÿP bond lengths become longer, presumably


as a result of the antibonding interaction between the s orbital
of the Au atom and the p orbital of the P atom.


The calculated 3Au! 1Ag transition (phosphorescence) of
[Au2(dpm)2]2� ´ (MeCN)2 is at 557 nm; this is consistent with
the emission at 575 nm found for [Au2(dppm)2](ClO4)2 in
acetonitrile at room temperature.[6] Table 6 shows the gross
orbital population of the 1Ag and 3Au states involved in this
transition. By comparing the population between these two
states as listed in Table 6, the emission could be attributed to


electronic transition within the Au atoms. The electronic
configuration of the Au atom is 5d9.9196s0.4726p0.323 and
5d9.6316s0.7266p0.398 in the 1Ag ground state and 3Au excited state,
respectively, which indicates that the 6s and 6p electrons
transfer back to the 5d orbitals during the phosphorescence,
and the 6s orbital plays a dominant role. The emission can be
assigned to the 3Au(ss)! 1Ag(ds*) transition, which can be well
understood by analysing the single electron transition dia-
gram in the CIS calculation as shown in Figure 4.


Figure 4. The single electron transitions with jCI coefficient j >0.1 in the
CIS calculation for the 557 nm emission of [Au2(dpm)2]2� ´ (MeCN)2.


The orbital composition of the 3Au excited state responsible
for the 557 nm emission is different from that of the 1Au


excited state generated through direct electronic excitation at


Table 5. The main optimized geometry parameters of the 3Au excited state
for [Au2(dpm)2]2� and [Au2(dpm)2]2� ´ (MeCN)2 under the CIS calculations.


Parameter [Au2(dpm)2]2� [Au2(dpm)2]2� ´ (MeCN)2


bond length [�]
AuÿAu 2.745 2.719
AuÿP 2.669 2.776
CÿP 1.888 1.883
AuÿN 2.377
NÿC 1.147
CÿC 1.470
bond angle [8]
P-C-P 114.6 111.4
P-Au-P 170.9 171.8
P-Au-Au 94.5 94.1
C-P-Au 108.6 110.6
Au-Au-N 179.9


Table 6. The gross orbital populations for the 1Ag and 3Au states of
[Au2(dpm)2]2� ´ (MeCN)2 involved in the 557 nm emission.


Atom Orbital 1Ag
3Au


[Au2(dpm)2]2� Au 6s 0.472 0.726
6p 0.323 0.398
5d 9.919 9.631


C 2s 1.600 1.598
2p 3.315 3.313


P 3s 1.628 1.625
3p 3.009 2.997


HC 1s 0.700 0.700
HC 1s 0.678 0.679
HP 1s 0.947 0.951
HP 1s 0.971 0.972


(MeCN)2 N 2s 1.596 1.587
2p 3.526 3.518


CN 2s 1.213 1.212
2p 2.762 2.761


CH 2s 1.461 1.461
2p 3.107 3.107
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245.7 nm. The 1Au excited state involves ps bonding of the two
Au atoms, but ss bonding becomes important in the phos-
phorescent 3Au state. The origin of this difference is that the 6s
orbital is lower in energy than the 6p orbitals. In the 3Au state,
the shorter AuÿAu separation of 2.719 � enables the two Au
6s orbitals to overlap and form a s bond. However, the polar
6p orbitals are more diffuse and hence only their overlapping
is feasible at longer AuÿAu separations. Therefore, when the
AuÿAu bond length is kept at 3.15 � in the calculated 1Ag!
1Au electronic excitation, the ps bonding becomes dominant in
the 1Au excited state. Hence, the 1Au and 3Au states of
[Au2(dpm)2]2� ´ (MeCN)2 are designated to be ps and ss


symmetry, respectively.
From the CIS calculations, we find that the 3Au! 1Ag


transition of the [Au2(dpm)2]2� cation is at 331 nm in the
absence of solvent or anions. This could be the case of a
[Au2(dpm)2]2� containing solid where the counteranions are
distant apart from the gold atoms. The gross population listed
in Table 7 shows that this transition is metal-localized. The


electronic configuration of the Au atom is 5d9.9096s0.6376p0.316


and 5d9.6486s0.7896p0.408 for the respective 1Ag and 3Au states of
[Au2(dpm)2]2�. This implies that partial 6s and 6p electron
transfers to 5d orbital during the emission process at 331 nm.
We assign the emission at 331 nm to the 3Au((sp)s)! 1Ag(ds*)
transition, as illustrated by the electronic transition diagrams
depicted in Figure 5 in the CIS calculation. Note that the 3Au


state of [Au2(dpm)2]2� has mixed s and p orbital characters
and is denoted as (sp)s. Although high energy emission has
not been reported for the [Au2(dppm)2]Y2 solids (Y�ClO4,
BF4),[5, 6] our recent study on [Au2(dcpm)2](ClO4)2


[18] revealed
the presence of an intense high energy solid state emission.
The complex has an intramolecular AuÿAu separation of
2.927 �. At room temperature the complex displays an
intense solid state emission at 368 nm, but the emission red-
shifts to 510 nm upon dissolution in acetonitrile. The emission
of [Au2(dcpm)2](ClO4)2 is assigned to the s!s* transition
where s and s* have a predominant s orbital and d orbital
character, respectively.


In fact, the presence of anions near the [Au2(dpm)2]2�


cation would affect the solid state emission. To test this
proposition, [Au2(dpm)2](ClO)2 was chosen as a model for
[Au2(dpm)2](ClO4)2 in the CIS calculations. The ClOÿ was


Figure 5. The single electron transitions with jCI coefficient j >0.1 in the
CIS calculation for the 331 nm emission of [Au2(dpm)2]2�.


employed to replace ClO4
ÿ in order to save computational


time. When the AuÿOCl separation changes from 4.5 to 3.3 �,
and the Ci symmetry is kept, and the calculated emission
wavelength varies from 356 to 406 nm. This result implies that
the approach of the ClOÿ anion to the Au atom causes a red
shift in the emission spectrum.


If the interaction between the ClOÿ anion and the
[Au2(dpm)2]2� cation is electrostatic in nature, it is feasible
that two negative background charges can be used to
substitute the anion in the calculation. As shown in Figure 6,


C


H2P


Au Au


PH2


H2P


C
H2


PH2


ee


H2


RAu--e


2+


-


Figure 6. Diagrammatic representation of the interaction between the
background charge and [Au2(dpm)2]2�.


the two negative charges orient along the AuÿAu axis, and the
whole system composed of the negative charges and the
[Au2(dpm)2]2� complex cation was kept the Ci symmetry.


Figure 7 shows the correlation between the calculated
emission and the distance of the negative charge from the
Au atom. As the distance changes from 8.0 to 3.0 �, the
emission energy red-shifts from 331 to 420 nm. This again
reveals that the presence of neighboring anion would cause a
red shift in the emission of the [Au2(dpm)2]2� moiety.


It is evident that the counteranion could have significant
effect on the solid state emission of binuclear gold(i)
phosphine complexes. This remains to be an interesting
problem. We anticipate that for those gold(i) complexes with
very bulky phosphine ligands, the counteranions will be


Table 7. The gross orbital populations for the 1Ag and 3Au states of
[Au2(dpm)2]2� involved in the 331 nm emission.


Atom Orbital 1Ag
3Au


Au 6s 0.637 0.789
6p 0.316 0.408
5d 9.909 9.648


C 2s 1.603 1.600
2p 3.294 3.293


P 3s 1.604 1.607
3p 2.997 2.998


Hc 1s 0.687 0.687
Hc 1s 0.661 0.661
Hp 1s 0.905 0.910
Hp 1s 0.941 0.942
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Figure 7. Plot of emission wavelength versus RAuÿe (distance between gold
atom and background charge).


distant apart from the metal centers, and we may also expect
to observe high energy emissions.
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Langmuir and Langmuir ± Blodgett Films of Amphiphilic
Hexa-peri-hexabenzocoronene: New Phase Transitions and Electronic
Properties Controlled by Pressure


Niels Reitzel,[a] Tue Hassenkam,[a] Konstantin Balashev,[a] Torben R. Jensen,[b]


Paul B. Howes,[b] Kristian Kjaer,[b] Andreas Fechtenkötter,[c] Natalia Tchebotareva,[c]


Shunji Ito,[c] Klaus Müllen,[c] and Thomas Bjùrnholm*[a]


Abstract: We present the synthesis as
well as the structural and electronic
properties of an amphiphilic derivative
of hexaalkylhexa-peri-hexabenzocoro-
nene (HBC), which contains one alkyl
substituent that is terminated with a
carboxylic acid group. The molecules
form well-defined Langmuir films when
spread from a solution at the air ± water
interface. Grazing-incidence X-ray dif-
fraction (GIXD) and X-ray reflectivity
studies of the Langmuir monolayer
reveal two crystallographic phases at
room temperature which depend on the
surface pressure applied to the film.
Scattering from very well-ordered (x�
200 ± 400 �) p-stacked lamellae of HBC
molecules tilted �458 relative to the


surface normal is observed in the low-
pressure phase. In this phase, the HBC
molecules pack in a rectangular two-
dimensional unit cell with a� 22.95 �
and b� 4.94 �. In the high-pressure
phase, coherence from the p stack is
lost. This is a consequence of stress
induced by the crystallization of the
substituent alkyl chains into a hexagonal
lattice, which has a trimerized super-
structure in one direction: a� 3� b�
15.78 �, b� 5.26 �, g� 1208, A�


71.9 �2� 3� 23.9 �2. Thin monolayer
films can be transferred to solid supports
by the Langmuir ± Blodgett (LB) tech-
nique. Atomic force microscopy (AFM)
with atomic resolution reveals the crys-
talline packing of alkyl chains in the
high-pressure phase. Kelvin force micros-
copy (KFM) shows a clear potential
difference between the high- and low-
pressure phases. This is discussed in
terms of orbital delocalization (band
formation) in the highly coherent low-
pressure phase, which is in contrast to
the localized molecular orbitals present
in the high-pressure phase. The highly
coherent p stack is expected to sustain a
very high charge-carrier mobility.


Keywords: Langmuir ± Blodgett
films ´ liquid crystals ´ pi interac-
tions ´ self-assembly ´ structure
elucidation


Introduction


Polycyclic aromatic hydrocarbons that spontaneously organ-
ize into mesogenic columnar materials with strong p ± p


interactions have recently attracted considerable attention
owing to their rich and intriguing structural behavior and to


their potential applications as vectorial transport layers in
new organic devices.[1±8] The latter includes xerography,
electrophotography, molecular electronics, and solar cells.
Hexasubstituted hexa-peri-hexabenzocoronenes (HBCs) are
particularly promising members of this family because they
have shown unusually high charge-carrier mobilities along the
p-stacked columns in the bulk mesogenic phases, both for the
n-alkyl and for the phenylenealkyl derivatives.[8] Further
functionalization of the alkyl sidegroups by the termination of
one or all alkyl chains with a carboxylic acid group has
recently been shown to allow complexation with polymeric
cations and to provide new structures in which hydrogen
bonding and p stacking compete as the main driving force for
the organization of the bulk material.[9, 10] To further under-
stand the organizational principles of these materials and to
develop the possibilities of nanoscale manipulation and
processing, we have investigated Langmuir[11] and Lang-
muir ± Blodgett[12] (LB) films of the monoacid derivative of
HBC (MAHBC; 1) shown in Figure 1. As a general means of
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studying the competition between alkyl-chain packing and p


stacking in functionalized conjugated surfactants, the LB
method in combination with structural studies has previously
provided new guidelines for the design of molecules; these


Figure 1. a) Molecular structure of the molecule studied, with approximate
dimensions according to standard bond lengths and angles. b) Schematic
end-view and top-view of the molecule that has crystalline alkyl chains. The
top-view shows the alkyl chains as gray circles and the core p-conjugated
system as a black line with protruding p orbitals. c) Schematic end-view and
top-view of the molecule having disordered alkyl chains. The top-view
representations in b) and c) is used throughout.


allow the frequently competing packing motives of alkyl
chains and p stacks to co-exist without distorting the desired
order in the p stack.[13±18] This competition of packing modes is
also present in the HBC case in which the alkyl chains are
connected to the periphery of a
disk rather than to the edges of
board-like molecules, as for
example, polythiophenes.[14]


We show here that, in this
particular geometry, the pack-
ing competition gives rise to
two distinct phases: one driven
by p stacking, the other by
alkyl-chain packing. As evi-
denced by diffraction and Kel-
vin force microscopy (KFM)
studies presented below, this
amphiphile self-assembles into
lamellae on the water surface.
In one phase, the p stacks are
tilted in a similar manner to
fallen domino bricks. In this
case, the p stack is very well-
ordered, as compared to bulk
phases. We also demonstrate
that this high degree of order
leads to band formation in the
one-dimensional columns. Ap-
plication of lateral pressure
forces the Langmuir film into


another phase in which the alkyl chains are crystalline and
coherence in the p stack is lost. This results in a measurable
change in the electronic properties of the film. For these
structural reasons it is expected that the charge-carrier
mobility along the p stack will be exceptionally high in the
low-pressure phase.


Results


Synthesis : The synthesis of the monoacid HBC-C12 (1) is
outlined in Scheme 1.


Firstly, in a Hagihara ± Sonoghashira coupling reaction, the
monobromo-HBC (2) is treated with methyl undec-10-
ynyloate to afford HBC derivative 3 in 80 % yield. Reduction
of 3 with a Pd/C catalyst in THF at room temperature gives 4
in 94 % isolated yield. The final step of this sequence is the
ester hydrolysis of 4, which resulted in the acid-substituted
HBC 1 in a yield of 80 %. Details of the synthesis of 2 are
given elsewhere.[19]


X-ray measurements : The compression isotherm of a Lang-
muir film of 1 is shown in Figure 2 (top). The crystal structure
of the Langmuir film has been solved by grazing-incidence
X-ray diffraction (GIXD)[20±22] at three different mean areas
per molecule: 60 �2 moleculeÿ1 (Figure 2 row 1), 80 �2 mol-
eculeÿ1 (Figure 2, row 2), and 100 �2 moleculeÿ1 (Figure 2,
row 3). The results show the coexistence of two different
crystallographic phases. The high-pressure phase (Figure 2,
row 1), measured at a mean area per molecule of 60 �2, shows
three peaks at 2 qxy values of 5.47, 10.95, and 16.468 (Table 1).
The peak with the highest angle (2qxy� 16.468) corresponds to
a spacing of d� 4.55 �. This peak resembles GIXD data from


Scheme 1.
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other amphiphiles with alkyl chains, for example, alcohols or
carboxylic acids[20, 22] packed in a hexagonal lattice (if the
structure was nonhexagonal, the peak would be split[20]). The
two peaks at lower angles are believed to result from a
trimerized superstructure of the alkyl chains linked to the


HBC core. With six alkyl groups linked covalently to the HBC
core, this would mean that three alkyl chains are pointing up
from the HBC core and three are pointing down. The unit cell
parameters of the high-pressure phase could not be uniquely
determined, since no mixed-indexed {hk} reflections were


Figure 2. Top: Compression isotherm of HBC 1 at 218C with numbers marking the monolayer states where X-ray measurements were performed. Left-hand
column: The X-ray diffraction measured at different surface pressures (according to the numbers on the compression isotherm). The inset at the two lowest
diffractograms is a magnification of the high angle regions. Middle column: The reflectivity data (*) and the result of fitting a three-slab model (ÐÐ). Right-
hand column: The electron-density profile arising from the three-step model, and the physical interpretation of the reflectivity data as a schematic drawing of
the molecules in side-view on the water subphase (shaded box).
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observed; however, we propose the most likely structure to be
hexagonal with the unit cell parameters a� 3 b� 15.78 �, b�
5.26 �, g� 1208, as shown in Figure 3b. This is in agreement
with the atomic force microscopy (AFM) data shown below.
The unit cell area is A� 71.9 �2, which indicates that the
measurement taken at a mean molecular area of 60 �2 was
performed after the collapse of the closely packed film.


Figure 3. Structures of Langmuir films of amphiphilic HBC 1. a) Above:
unit cell parameters of the low-pressure phase with: a� 22.95 �, b�
4.94 �, and g� 908. Below: the schematic packing with the dark parts
representing a top view of p-stacking conjugated parts of the molecules.
b) Above: unit cell parameters of the high-pressure phase: a� 3b�
15.78 �, b� 5.26 �, g� 1208, A� 71.9 �2. Below: the schematic packing
with circles showing the hexagonal close-packed alkyl chains that are
trimerized on account of their covalent linkage to the conjugated core of
the molecule shown in black with protruding p orbitals. Compared to the
low-pressure phase (a), the p overlap in the high-pressure phase (b) is
diminished.


At a reduced surface pressure of 50 mNmÿ1, which
corresponds to a nominal area of 80 �2 per molecule, the
coexistence of two phases is observed. At a further reduction
in surface pressure to a nominal area per molecule of 100 �2,
mainly diffraction from a low-pressure phase is seen. The
diffraction from this low-pressure phase comes from a crystal
structure with a uniquely identified rectangular unit cell : a�
22.95 �, b� 4.94 �, g� 908, A� 113.4 �2� 3� 37.8 �2 (Fig-
ure 3a). All of the unusually high number of observed
reflections can be indexed according to this unit cell (except
two, marked with ªhpº in Table 2, which result from a
reminiscent high-pressure phase). The molecules form col-
umnar stacks at the water surface, with an intercolumnar
spacing along the a axis and with the repeat distance b�
4.94 � along the stack. The HBC core is in a tilted orientation
in the low-pressure phase (as evidenced by X-ray reflectivity,
see below). This is in agreement with the notion that the
normal p ± p contact distance between the HBC cores is
�3.5 �,[4] which implies that the MAHBC core is tilted by
�458 with respect to the surface normal to allow the projected


repeat distance of 4.94 �. The coherence lengths along the
stack are estimated from the peak-widths to be 200 ± 400 �
(Table 2).


It is important to notice that the coherence of the
conjugated p stack (as evidenced by the peaks at 2qxy values
between 158 and 238) is lost in the transition from the low- to
the high-pressure phase. This is most likely a consequence of
the incommensurability between the crystal structure of the
closely packed alkyl chains (being closely packed by the
applied surface pressure) and the structure of the p stack. The
loss of coherence in the p stack gives rise to a change in the
electronic potential, as shown by Kelvin force microscopy
(KFM) measurements on transferred films (see below).


It is not directly evident from the compression isotherm
that two phases coexist, since no horizontal region in the
compression isotherm is observed, as is typically found in lipid
systems, for example.[23] The absence of such a horizontal
region can be due to the high crystallinity (compared to lipids)
of the monolayer resulting in very long equilibration times.


The vertical electron-density profile of the Langmuir
monolayer has been determined by X-ray reflectivity meas-
urements[20±22] performed at the same surface pressures as the
diffraction experiments described above. The measured data
are shown in Figure 2 (middle column, circles) along with the
fit to the data (solid line). The reflectivity curves show that as
the pressure is increased, the thickness of the monolayer
increases as expected. The fit to the reflectivity data of the
low-pressure phase gives a monolayer thickness of �30 �.
This thickness is so small that the molecules must be in a tilted
conformation, since the length of the fully extended molecule
is �40 � (Figure 1). As the pressure is increased, the
electron-rich conjugated center of the molecules is clearly
seen as a protrusion of the electron-density curve, with the
electron-poor alkyl layers below and above. The fit to the
reflectivity data of the high-pressure phase shows a vertical
tailing of the electron density (up to �80 �). This indicates
that a portion of the molecules is beginning to be pushed out
of the monolayer (collapse).


Table 1. Summary of GIXD data for the high-pressure phase.[a]


2qxy [8] Qxy
[b] d [�][c] Peak intensity Index {hk} Coherence


length [�][d]


5.47 0.46 13.66 strong {10} 280
10.95 0.92 6.83 weak {20} 150
16.46 1.38 4.55 strong {01} (or {30}) 120


[a] The tabulated values correspond to the X-ray diffractogram shown at
the top of Figure 2 and measured at a mean area per molecule A� 60 �2.
[b] Scattering vector. [c] Repeat distance. [d] The coherence lengths were
calculated with the Scherrer formula.


Table 2. Summary of GIXD data for the low-pressure phase.[a]


2qxy [8] Qxy
[b] d [�][c] Peak intensity Index {hk}[d] Coherence


length[e] [�]


3.26 0.27 22.95 very strong {10} 323
5.4 0.45 13.8 medium hp{10} 303
6.51 0.55 11.48 strong {20} 462
9.78 0.82 7.66 very weak {30} 253


13.05 1.10 5.74 weak {40} 252
15.17 1.27 4.94 medium {01} 175
15.51 1.30 4.83 medium {11} 180
16.3 1.37 4.60 medium ± strong hp{01}/{50} ±
18.05 1.51 4.15 weak {31} 284
20.0 1.68 3.74 medium ± weak {41} 208
22.4 1.87 3.36 very weak {51} 259


[a] The tabulated values correspond to the X-ray diffractogram shown at
the bottom of Figure 2 and measured at a mean area per molecule A�
100 �2. [b] Scattering vector. [c] Repeat distance. [d] The {hk} index
corresponds to the unit cell parameters a� 22.95 �, b� 4.94 �, and g�
908, with the hp indices arising from high-pressure peaks coexisting with the
low-pressure phase. [e] The coherence lengths were calculated from peak
widths with the Scherrer formula.[38]
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The reflectivity fits are in agreement with the model
described above: at low pressure the molecules are tilted and
efficient and coherent packing is obtained, which is domi-
nated by p stacking. This coherence is then lost on compres-
sion.


Scanning probe microscopy (SPM) measurements on films
transferred to solid supports : Deflection-mode atomic force
microscopy (AFM) can be used to obtain images of the high-
pressure phase with atomic resolution. Figure 4 shows data for
an LB monolayer transferred onto mica by horizontal lifting
from a Langmuir film compressed to A� 80 �2 (transferred
by having the substrate in the aqueous subphase prior to
spreading of the monolayer).[24] Images of the high-pressure
phase with atomic resolution show that it consists of closely
packed (crystalline) alkyl chains that protrude from the
surface. The repeat distances are a� 5.1 � and b� 4.5 �,
while g� 1088. The area of the unit cell is AAFM� 21.8 �2. One
possible orientation of the molecules as seen from the top is
sketched in. The deviation from the observed X-ray data (a�
3 b� 15.78 � (trimerized), b� 5.26 �, g� 1208, A�
71.9 �2� 3� 23.9 �2) could be the result of relaxation during
transfer to a solid support, [18] although it is more likely to be a
consequence of nonlinearity in the AFM piezoes.


Kelvin force microscopy (KFM): Figure 5 shows a tapping-
mode AFM micrograph of the topography of a monolayer of
HBC as well as a Kelvin force microscopy (KFM)[25] image


Figure 4. Contact (deflection)-mode AFM image of an LB monolayer of
HBC 1 transferred from the air ± water interface to atomically flat mica at a
mean area per molecule A� 80 �2 (high-pressure phase). The cell
parameters drawn are a� 5.1 �, b� 4.5 �, and g� 1088. A cartoon of
HBC molecules stacked along a horizontal direction is shown, in which
each molecule has three protruding alkyl chains.


showing the electrical potential of the same monolayer film of
1 transferred to a solid support (a Si wafer with a natural
hydrophilic oxide coating) by horizontal lifting from a HBC-
monolayer compressed to a mean molecular area A� 100 �2.
This area corresponds to a point in the phase diagram that is


Figure 5. a) AFM tapping-mode topography image of a LB monolayer of HBC 1 transferred to a Si wafer with a natural oxide layer at a mean area per
molecule A� 100 �2. Also shown is a cross-section profile from the middle of the scan, showing the height difference between the high-pressure and the low-
pressure phases. The height difference is�5 �. b) KFM image showing the potential landscape of the same area as that shown in a). The potential of the low-
pressure phase is �20 mV higher than the potential of the high-pressure phase, as also can be seen from the cross-section profile.
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dominated by the low-pressure phase (Figure 2, row 3). The
presence of two phases is clearly visible as height differences
in the topography image shown in Figure 5a. The height
difference between the two phases is of the order of 5 �,
which agrees with the height differences seen in the reflec-
tivity data (see Figure 2). The height difference suggests that
the high areas are domains of molecules in the high-pressure
phase, with surroundings that consist of molecules in the low-
pressure phase. This is also supported by the fact that the alkyl
packing seen by AFM in Figure 4 could only be found in the
high areas. The KFM micrograph (Figure 5b) shows that the
surface potential is inversely correlated to the topography
graph: the domains which are high in topography have low
potential and vice versa. The measured nominal potential
difference of 20 meV is in the range generally observed for
bandwidths of p stacks.[26]


Discussion and Conclusions


A prerequisite of high charge-carrier mobility in thin films of
discotic molecules is coherent order in the p stack. To allow
for processability from solutions, the molecules must also be
soluble, in which case the molecules are disordered in
solution. Hexaalkylated hexa-peri-hexabenzocoronene with
solubilizing alkyl substituents has proven a good candidate for
balancing these often counteracting requirements and indeed,
high mobilities have been measured for bulk alkyl- and
phenylenealkyl-substituted HBC.[8] In order to investigate the
HBC system further, we have synthesized and characterized
an HBC molecule in which one of the alkyl chains is
terminated by a carboxylic acid group. For the amphiphilic
structure 1, high coherence is observed for the self-assembled
Langmuir films at the air ± water interface, as evidenced by
X-ray diffraction: in our investigation of the Langmuir films
we found an unprecedented large number of sharp reflections
in the X-ray diffractograms that arise from a highly coherent p


stack (coherence lengths of 200 ± 400 �). Thus, preparation by
means of Langmuir films seems to be a promising route to
highly ordered thin films with good charge-carrier mobilities.


For practical applications, the thin films need to be trans-
ferred to solid supports. Here the films were transferred by
horizontal lifting and were examined by AFM and KFM. It
was shown that coexistence of the two phases persisted during
transfer and that the two phases have different electronic
properties. The KFM experiment can be explained on the
basis of a PN junction, which has a built-in potential drop
across the junction which will have a negative P side and a
positive N side because electrons flow from the N side to the P
side to recombine with the holes on the P side. The potential
of the N side will therefore rise above the P side in the KFM
image, as described in various papers.[27±32] On the basis of our
structural data, we assume that the HBC electrons are
delocalized along the p stack in the low-pressure areas, and,
hence, we expect the formation of a band structure that gives
rise to a reduction in the HOMO ± LUMO gap relative to the
localized HBC core (Figure 6a). In the high-pressure domains,
we assume that the electrons are highly localized on the
molecules. These assumptions are supported by our X-ray


Figure 6. Schematic drawing of the transformation from the high- to low-
pressure phase. a) The electronic structure changes caused by delocaliza-
tion of the localized HBC states as the pressure is decreased. b) View along
the lamellae (end view). The alkyl chains are closely packed in the high-
pressure phase and disordered in the low-pressure phase. c) Side view of a
lamella of the high-pressure phase (left) and low-pressure phase (right). In
the low-pressure phase a close p ± p contact is obtained.


data, which indicate that coherence between the graphite
disks exists in the low-pressure phase, leading to a better p ± p


overlap than in the high-pressure phase (see Figure 2), in
which the coherence in the p stack is lost. When the two
phases are brought into contact, the more loosely bound
electrons lying high in the ªconductionº band of the low-
pressure phase will be attracted to the more tightly bound
molecular orbitals in the high-pressure phase. As a result a
small amount of electrons (<10)[33] will be transferred from
the low- to high-pressure domains. This will leave the low-
pressure areas slightly positive and the high-pressure domains
slightly negative;[34] this is also observed in the KFM micro-
graph in Figure 5. This representation is compatible with the
representation of the PN junction presented above, in which
the low-pressure phase corresponds to the N side and the
high-pressure phase to the P side.


The absolute value of the potential difference between the
two phases is difficult to access, since a correction of the data
is needed. This is a consequence of the fact that the electrical
forces are long range, and as a consequence the potential seen
by the KFM probe is actually a sum of many contributions,
with the area underneath the probe as the leading term.[35±37]


Nevertheless, we note that the measured potential difference
between the high- and low-pressure phases is in good agree-
ment with typical values of the bandwidth in p stacks.[26]


Our results are summarized schematically in Figure 6. It
illustrates the anticipated packing motifs of the molecules
seen along the lamellae (b) together with a side view (c) which
represents the coherent p stacks in the low-pressure phase
(right-hand side) and the closely packed alkyl chains (with a
larger p ± p distance) in the high-pressure phase (left-hand
side). Figure 6a illustrates the band formation as indicated by
the KFM measurements; the domains which have a high
topography (the high-pressure phase) have localized states,
whereas a more delocalized structure is seen in the low-
pressure phase.
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Experimental Section


2-(10-Methoxycarbonylundec-1-inyl)-5,8,11,14,17-pentadodecylhexa-peri-
hexabenzocoronene (3): 2-Bromo-5,8,11,14,17-pentadodecylhexa-peri-hexa-
benzocoronene (2, 1.0 g, 0.69 mmol), copper(i) iodide (572 mg, 0.30 mmol)
and [Pd0(PPH3)4] (182 mg, 0.157 mmol) were dissolved in piperidine
(200 mL) under an argon atmosphere. After addition of methyl undec-
10-ynyloate the reaction was stirred at 80 8C for 24 hours. This solution was
then poured into a saturated NH4Cl solution and extracted with hot toluene
several times. The combined organic layers were then washed with
saturated NH4Cl solution and water. Drying with MgSO4 and evaporation
of the solvent under vacuum followed by column chromatography (silica,
CH2Cl2/toluene) yielded 3 (868 mg, 80%) as yellow crystals. 1H NMR
(500 MHz, CDCl3/CS2 1:1): d� 8.40 (s, 2H; ArH), 8.13 (s, 2 H; ArH), 8.02
(s, 4 H; ArH), 7.99 (s, 2 H; ArH), 7.98 (s, 2H; ArH), 3.67 (s, 3 H; OCH3), 2.89
(t, 3J� 7.9 Hz, 2 H; ArCH2), 2.87 (t, 3J� 7.9 Hz, 4 H; ArCH2), 2.83 (t, 3J�
8.1 Hz, 4H; ArCH2), 2.78 (t, 3J� 7.3 Hz, 2H;�CCH2), 2.38 (t, 3J� 7.5 Hz,
2H; OCCH2), 2.03 ± 1.80 (m, 12 H; CH2), 1.80 ± 1.72 (m, 4H; CH2), 1.67 ±
1.25 (m, 96 H; CH2), 0.90 (t, 3J� 9.6 Hz, 15 H; CH3); 13C NMR (125 MHz,
CDCl3/CS2 1:1): d� 173.44 (C�O), 139.29, 139.13, 139.10, 129.83, 129.02,
128.96, 128.81, 128.45, 123.60, 123.21, 122.48, 122.29, 120.92, 120.65, 120.53,
120.45, 119.08, 118.94, 118.68, 118.17, 89.82 (Car-C�), 82.48 (�CCH2), 51.06
(OCH3), 37.29, 37.20, 34.02, 32.45, 32.39, 32.05, 31.98, 30.31, 30.27, 30.10,
30.04, 29.96, 29.88, 29.54, 29.45, 29.41, 25.09, 22.88, 20.15, 14.19 (CH3); FD-
MS calcd: m/z (%): 1557.23 (100) [M]� ; found: 1558.2; IR: nÄ � 3062, 2951,
2919, 2850, 1743 (C�O), 1611, 1466, 861 cmÿ1; UV/Vis: l (log e)� 330
(4.45), 346 (4.86), 363 (5.22), 374 (4.80), 394 (4.73), 407 nm (4.27);
elemental analysis calcd (%) for C114H156O2: C87.86, H10.09; found:
C87.78, H10.14.


2-(10-Methoxycarbonylundecyl)-5,8,11,14,17-pentadodecylhexa-peri-hexa-
benzocoronene (4): Compound 3 (893 mg, 0.53 mmol) was dissolved in
THF (200 mL) and Pd/C (10 %, 285 mg) was added. The mixture was
hydrogenated with H2 (1 bar) at room temperature for 16 hours. The
catalyst was filtered off, and the solvent was removed under reduced
pressure. The remaining solid was purified by column chromatography
(silica, CH2Cl2/toluene) followed by recrystallisation from n-heptane to
afford 4 (786 mg, 94%) as yellow crystals. 1H NMR: (500 MHz, CDCl3/CS2


1:1): d� 8.26 ± 8.20 (br, 12H; ArH), 3.62 (s, 3 H; OCH3), 2.93 (br, 12H;
ArCH2), 2.28 (t, 3J� 7.5Hz, 2H; OCCH2), 1.92 (br, 12 H; ArCH2CH2),
1.66 ± 1.23 (m, 104 H; CH2), 0.89 (m, 15 H; CH3); 13C NMR (125 MHz,
CDCl3/CS2 1:1): d� 173.53 (C�O) (low intensity), 139.42, 129.36, 122.91,
120.78, 119.15, 51.05 (OCH3), 37.29, 33.99, 32.51, 32.37, 32.04, 30.21, 30.05,
30.01, 29.93, 29.85, 29.76, 29.53, 29.48, 29.31, 25.02, 22.86, 14.18 (CH3); FD-
MS calcd: m/z (%):1561.24 (100) [M]� ; found 1561.6; IR: nÄ � 3062, 2951,
2919, 2850, 1744 (C�O), 1611, 1467, 860 cmÿ1; UV/Vis: l (log e)� 327
(4.50), 344 (4.94), 360 (5.30), 371 (4.91), 391 (4.83), 404 nm (4.29);
elemental analysis calcd (%) for C114H160O2: C87.83, H10.32; found:
C87.65, H10.35.


2-(10-Carboxy-undecyl)-5,8,11,14,17-pentadodecylhexa-peri-hexabenzo-
coronene (1): Compound 4 (396 mg, 0.253 mmol) and LiI (3.77 g,
28.16 mmol) were suspended in pyridine (40 mL) under an argon atmos-
phere. The resulting mixture was heated under reflux for 12 hours. After
removing the solvent, water was added to the mixture which was then
acidified with 10% HCl solution. The crude product was extracted several
times with hot toluene. The solvent of the combined organic layers was
removed under reduced pressure, and the resulting solid was recrystallized
from n-heptane to yield 313 mg (80 %) of 1 as yellow crystals. 1H NMR
(500 MHz, CDCl3/CS2 1:1): d� 8.01 (br, 12H; ArH), 2.79 (br, 12H;
ArCH2), 2.39 (br, 2H; OCCH2), 1.86 (br, 12H; ArCH2CH2), 1.74 ± 1.23 (m,
104 H; CH2), 0.89 (t, 3J� 6.0 Hz, 15 H; CH3); 13C NMR (125 MHz, CDCl3/
CS2 1:1): d� 139.01, 129.06, 122.62, 120.44, 118.81, 37.21, 32.52, 32.05, 30.27,
30.08, 30.03, 29.95, 29.87, 29.53, 22.86, 14.17 (CH3); FD-MS calcd: m/z (%):
1547.22 (100) [M]� ; found 1548.9; IR: nÄ � 3062, 2951, 2920, 2850, 1709
(C�O), 1611, 860 cmÿ1; UV/Vis: l (log e)� 314 (4.07), 327 (4.27), 344 (4.68),
360 (5.03), 371 (4.69), 383 (4.53), 391 (4.60), 403 (4.13), 415 nm (3.87).


Langmuir and Langmuir ± Blodgett films, and X-ray measurements :
Monolayers of the amphiphilic HBC derivative 1 were easily spread from
chloroform solutions (�0.5 mg mLÿ1) onto the neutral Milli-Q purified
water subphase (18.2 MW cm) in an LB trough. The subphase was
thermostated to 218C. Because of the high crystallinity of the Langmuir


film, transfer to solid supports by the standard Langmuir ± Blodgett
technique with vertical dipping was not applicable; however, transfer was
possible by horizontal lifting[24] (the substrate was placed below the water
subphase prior to the spreading, and transferred at 0.1 mm minÿ1). The
substrates used for the LB films for KFM measurements were highly doped
Si-wafers with natural oxide layers. The X-ray measurements were
performed at the X-ray undulator beamline BW1 at the synchrotron
facility HASYLAB at DESY in Hamburg (Germany). The X-ray wave-
length was l� 1.304 �, monochromated by the Bragg reflection from a
Be(002) crystal. Two different X-ray techniques were used:[20±22] grazing-
incidence X-ray diffraction (GIXD) and specular reflectivity (XR). For the
GIXD, the grazing angle of incidence (ai) was slightly below the critical
angle (ac) for total reflection (ai� 0.85 ac) thus increasing the surface
sensitivity by minimizing the penetration depth of the incident X-rays into
the water subphase. The horizontal scattering angle (2 qxy) was resolved
with a Soller collimator. The XR experiments probed the vertical electron-
density profile across the interface by varying the incident angle (ai) and
the exit angle (af�ai) simultaneously, and the intensity pattern that results
from interference between rays reflected at different depths was recorded.
The experimental data are shown as the measured reflectivity (R)
normalized to the Fresnel reflectivity (RF) from a theoretically sharp water
surface as a function of ai/ac. The data were fitted by a previously described
method[20, 21] by means of a model with three slabs of (different) constant
electron densities stacked on the water subphase. To account for thermally
generated capillary waves on the water surface, the electron density of
these slabs was smeared by convolution with a gaussian. The resulting
smeared electron-density profiles are shown in Figure 2.


Atomic force microscopy (AFM) and Kelvin force microscopy (KFM):
These were performed with a Nanoscope III from Digital Instruments. The
AFM measurements with atomic resolution were performed with standard
silicon nitride tips in the deflection mode. For the KFM measurements, a
metal-coated tapping-mode tip was mounted into a holder that allowed
electrical connection to the tip itself. When scanning the surface of a
substrate, the so-called lift mode was engaged; thus two scans were made in
each cycle. The first scan recorded the surface profile. In the second scan,
the tip tracked the surface at a fixed distance without tapping, but with an
applied AC field that was tuned to the resonant frequency of the cantilever.
If the tip encountered any electrostatic force that was different from the
ground, it started vibrating. By the use of a feedback loop, the force on the
tip was nullified by the application of a DC potential to the tip to counteract
the potential on the surface.
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Q�CV (2)


For a vacuum dielectric constant of e� 8.85� 10ÿ12 Fmÿ1, a thickness
t� 3 nm, and a voltage drop of V� 20 mV, the number of charges is
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Ionic Channel Structures in [(M�)x([18]crown-6)][Ni(dmit)2]2
Molecular Conductors**
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Abstract: The [(M�)x([18]crown-6)] su-
pramolecular cations (SC�), in which
M� and [18]crown-6 are alkali metal ions
(M��Li�, Na�, and Cs�) and 1,4,7,10,13,
16-hexaoxacyclooctadecane, respective-
ly, form ionic channel structures through
the regular stacks of [18]crown-6 in
[Ni(dmit)2]-based molecular conductors
(dmit2ÿ� 2-thioxo-1,3-dithiole-4,5-di-
thiolate). In addition to the [Ni(dmit)2]
salts that have the ionic channel struc-
tures (these salts are abbreviated as
type I salts), Li� and Na� form dimer-
ized [(M�)2([18]crown-6)2] units in the
crystals (type II salts). The K� and Rb�


are coordinated tightly into the
[18]crown-6 cavity to form typical disk-
shape SC� units in the corresponding
[Ni(dmit)2] salts (type III salts). The
type I, II, and III salts have typical
stoichiometries of [(M�)x([18]crown-6)]-
[Ni(dmit)2]2, [(M�)([18]crown-6)(H2O)x-
(CH3CN)1.5ÿx][Ni(dmit)2]3 (x� 1 for Li�


or 0.5 for Na�), and [M�([18]crown-


6)][Ni(dmit)2]3, respectively; the salts of
the same type are isostructural. In
agreement with the trimer structures of
[Ni(dmit)2] in the type II and III salts,
they exhibit semiconducting behavior
with electrical conductivities at 300 K
(s300 K) of 0.01 ± 0.1 S cmÿ1. Type I salts
contain a regular stack of partially
oxidized [Ni(dmit)2] units, which form
a quasi one-dimensional metallic band
within the tight-binding approximation
regime. The electrical conductivities at
300 K are 10 ± 30 S cmÿ1, and an almost
temperature-independent conductivity
was observed at higher temperatures.
However, the one-dimensional electron-
ic structures in these salts are strongly
influenced by the static and dynamic


structures of the coexisting ionic chan-
nel. The Na� salt is a semiconductor,
whose magnetic behavior is described by
the disordered one-dimensional antifer-
romagnetic chain. On the other hand,
the Cs� salt is a exhibits metallic proper-
ties with 2kF instability at room temper-
ature. The Li� salt shows a gradual
transition from the high-temperature
metallic phase to the low-temperature
one-dimensional antiferromagnetic
semiconductor phase, which was associ-
ated with the freezing of Li� motion at
lower temperatures. The preferential
crystallization of type I salts was possi-
ble by controlling the equilibrium con-
stant (Kc) of the complex formation
between M� ions and the [18]crown-6
molecule. The ionic channel structures
were obtained when the Kc was low in
the electrocrystallization solution, while
type II or III salts were formed in the
high Kc region.


Keywords: conducting materials ´
crystal engineering ´ ionic channels
´ structure elucidation ´ supramo-
lecular chemistry
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[**] Nomenclature used in this paper: Since one dmit2ÿ ligand has the
formal charge of 2ÿ , the total charge of closed-shell initial state of
[Ni(dmit)2] is 2ÿ . On the other hand, the [Ni(dmit)2] molecule has two-
step redox processes from [Ni(dmit)2]2ÿ, [Ni(dmit)2]ÿ to [Ni(dmit)2]0.
From the molecular orbital calculation of [Ni(dmit)2], the ligand
p orbital mainly contributes to the HOMO and LUMO of [Ni(dmit)2]
molecule. Thus, the oxidation processes of [Ni(dmit)2] molecule
mainly occurs at the ligand, withholding the Ni2� charge. Within the
salts labeled throughout this paper as [(M�)x([18]crown-6)]-
[Ni(dmit)2]2 or [M�([18]crown-6)][Ni(dmit)2]3 , the [Ni(dmit)2] anion
exists as partially charge-transferred state. The average charged state
of [Ni(dmit)2] in these salts can be represented as [Mx([18]crown-6)]�-
2[Ni(dmit)2]0.5ÿ and [M([18]crown-6)]�3[Ni(dmit)2]0.33ÿ, respectively.
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Introduction


Ionic channels are one of the important biological elements in
the cell membranes of nerves, muscles, and synapses.[1] They
often play an important role in the assertion of fundamental
biological functions, such as ion-pumping in ATPase and
generation of action potential for signal transmission.[1, 2] The
ion transport in biological cell membranes is precisely
controlled by the opening and closing of ionic channels, and
this gating mechanism is governed by the cooperative
electronic processes in ATPase.[1, 2] There are several kinds
of approaches for constructing artificial ionic channel struc-
tures. One method utilizes the helical oligopeptide structure
in natural-cell ionic channels.[3] The other method is based on
completely artificial synthetic organic molecules, such as
crown ethers:[4] crown ethers can selectively include ions in
their cavities.[5] Cation transport through the ionic channel has
been reported in which the selective ion diffusion is mediated
by the array of crown ethers across the lipid bilayer
membrane.[4]


The formation of artificial ionic channel structures in the
crystalline solid has been reported by a number of groups who
aimed to construct molecular ionic devices.[6, 7] However, an
artificial ionic channel whose ion transport is coupled with
electronic processes has not been established to our knowl-
edge. We are interested in constructing integrated molecular
systems with ionic channels and electronic conductors by
forming hybrid compounds of crown-ether-based molecular
assemblies with molecular conductors. In such systems, the
electronic state of the molecular conductors should be
affected by the dynamic motion of the ions. We can also
expect novel functions arising from the cooperative processes
of ions and electrons in the system.


A large number of molecular conductors based on radical
cation or anion salts have been reported.[8] These crystals are
composed of open-shell electron donor (or acceptor) mole-
cules and closed-shell counterions Xÿ (or cations C�); the
latter species neutralize the charge on the open-shell mole-
cules. The open-shell molecules are stacked in the crystal to
form electronic p-band structures.[8] As a consequence of the
low-dimensional nature of the conduction p bands, the
electronic system is influenced by the counterions within the
crystal lattice. The electronic transitions caused by the
dynamics of ionic lattice are often observed, for example,
i) metal ± insulator transition through the ordering of tetrahe-
dral anions (formation of a superlattice)[9] or the magnetic
ordering of counteranion columns,[10] ii) ferromagnetic spin
ordering of counterions in the metallic state,[11] and iii) su-
perconductor ± insulator transition induced by antiferromag-
netic d ± p coupling of the counterions.[12] The periodicity of
counterions in the crystal lattice is conserved during these
transitions, and small modifications in the ionic lattice are
responsible for the large changes in conductivity. By combin-
ing the molecular conductors with ionic channels in which ions
have larger motional freedom, it should be possible to control
the electronic transport by a regulation of the ion dynamics
within the ionic channel. The cooperative ion ± electron
transport in such systems should exhibit novel ªswitchingº
in electrical conductivity and magnetism according to the


magnitude of the interaction between the ion and electron.
This is a promising basis for the construction of future iono-
electronic devices.[4]


Several attempts have been made to incorporate supra-
molecular cation (SC�) structures into molecular conductors
in order to construct molecular iono-electronic devices.[13, 14]


The SC� structures based on crown ethers have been
succesfully incorporated into the anion radical salt of 7,7,8,8-
tetracyanoquinodimethane (TCNQ),[13, 14] although ionic
channel structures were not realized. The crown-ether-fused
phthalocyanine (Pc) molecules have also been reported as a
supramolecular ion ± electron cooperative system.[15] The
electrical conductivity of the Pc system was tuned through
the cation-binding in the crown ether moieties. However, the
electronic systems of these TCNQ and Pc compounds are
essentially semiconducting or insulating.


The nickel dithiolate complex [Ni(dmit)2] (dmit2ÿ� 2-
thioxo-1,3-dithiole-4,5-dithiolate) is an appropriate electron
acceptor for these SC� hybrid systems.[16a] The p ± p stacks of
the partially oxidized [Ni(dmit)2] exhibit high electrical
conductivity along the p-stacking direction down to low
temperatures.[8b][16, 17] We have already reported several model
systems of electrically conducting SC�[Ni(dmit)2]x salts.[16]


Most of the SCs have isolated ion-capturing cavities rather
than an ionic channel structure. One exception is the ionic
channel structure observed in highly conducting [(Li�)0.6([15]-
crown-5)(H2O)][Ni(dmit)2]2 salt, which has an electrical
conductivity of 250 Scmÿ1 at 300 K.[17] However, the strategy
for designing the ionic channel structure within the [Ni-
(dmit)2]-based molecular conductor is not yet clear. Here we
report a new series of [(M�)x([18]crown-6][Ni(dmit)2]y mo-
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lecular conductors (M��Li�, Na�, K�, Rb�, and Cs�),
including highly conducting salts with new ionic channel
structures. We succeeded in the preferential formation of
ionic channel structures within the crystal by controlling the
complex formation constant between alkali metal cations and
[18]crown-6 in solution. The salts exhibit a semimetallic
behavior at higher temperatures. Their electronic and mag-
netic behavior is explained in terms of the interplay between
the motional freedom of ions within the channel and the
conduction of electrons in the [Ni(dmit)2] stack.


Results and Discussion


Crystal structure : Table 1 summarizes the crystal types (see
below), stoichiometry, crystal shape, and electrocrystallization
solvent of seven new [Ni(dmit)2] salts (1 a ± 5). Ionic channel
structures were obtained for the Li� (1 a), Na� (2 a), and Cs�
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(5) salts. The salts have typical stoichiometries of [(M�)x-
([18]crown-6)][Ni(dmit)2]2. Hereafter, we abbreviate these
salts as type I. In the case of Li� and Na�, [(M�)([18]crown-
6)(H2O)x(CH3CN)1.5ÿx][Ni(dmit)2]3 salts were also obtained;
these contain dimerized {(M�)2([18]crown-6)2} units in the
crystal (type II). K� and Rb� gave type III salts with typical
stoichiometries of [(M�)([18]crown-6)][Ni(dmit)2]3; these
have an isolated disk-shape SC� unit of [(M�)([18]crown-
6)]. The salts of the same type are isostructural.


In all cases, the [Ni(dmit)2] columns are arranged into a
two-dimensional layer through side-by-side S ´´´ S interatomic
contacts, while the SC� units are located in the cavities
between the [Ni(dmit)2] layers. The conducting columns of the
type I salts are composed of a [Ni(dmit)2] uniform stack, while
the [Ni(dmit)2] anions in the type II and III salts form trimeric
units. The structural details of the [Ni(dmit)2] layers and SC�


units are described below (Table 2).


Crystal structure of type I salts : Figures 1a and b show the unit
cell of the salt 1 a viewed along the a and b axes, respectively.
Both the [Ni(dmit)2] anions and the [(Li�)x([18]crown-6)]
units are stacked uniformly along the a axis, and the regular
array of the [18]crown-6 molecules forms an ionic channel
structure along the a axis. No intermolecular Li� ´ ´ ´ S contacts
were observed.


The intracolumn transfer in-
tegral (t1� 10ÿ2 eV) of salt 1 a is
12.8 (Figure 1 c); this value is
close to that in the supercon-
ductor of (CH3)4N[Ni(dmit)2]2


(t� 10.2 and ÿ10.8).[18] On the
other hand, the intercolumn
interactions (t4 and t5), which
are �40 times smaller than t1,
are not effective for increasing
electronic dimensionality of the
[Ni(dmit)2] layer (Table 2). Fig-
ure 1d shows the band structure


and the Fermi surface of salt 1 a. The LUMO band is slightly
split into two because of the t4 and t5 interactions. The
dispersion of the LUMO band is only observed along the X
direction. The highly one-dimensional electronic structure is
caused by the LUMO symmetry (b2g), which is not suitable for
increasing side-by-side transverse interactions compared with
the HOMO of the TTF analogues (b1u symmetry).[8][19]


Ionic channel structure : Although the type I salts are iso-
structural, the ionic channel structures differ according to the
size of the ions within the channel: i) The Li� ions are much
smaller than the cavity size of [18]crown-6, and have two
disordered ionic sites above and below the [18]crown-6 plane
(Figure 2a). ii) The Na� ion is slightly smaller than the
[18]crown-6 cavity and is completely included within the
[18]crown-6 cavity. The water molecules are located at the
inversion center and connect the {(Na�)0.66([18]crown-6)}
units (Figure 2b). iii) The Cs� ion is too large to be included
in the cavity and is located at the inversion center between
two [18]crown-6 molecules (Figure 2c). It should be noted
that we could not obtain type I salts for K� and Rb� ions,
whose size fits well to the cavity of [18]crown-6.


The occupancy factor of Na� and Cs� within the channel is
less than unity with the occupancy factors of 0.66 (2 a) and 0.8
(5), respectively. The number of Li� ions in the crystal, which
corresponds to the spin number observed in magnetic


susceptibility measurements
(see below), is about 0.21 per
site. Therefore, the average
charge on [Ni(dmit)2] is ÿ0.21,
ÿ0.33, and ÿ0.40 for the Li�,
Na�, and Cs� salts, respectively.
The vacant ionic sites within the
channel imply the motional
freedom of smaller ions, such
as Li� and Na�, within the
channel, while the Cs� ion is
too large to pass through the
[18]crown-6 cavity.


The average Li� ´ ´ ´ O dis-
tance (2.82 �) found in the salt
1 a is �0.7 � longer than the
sum of the van der Waals radi
of the oxygen atom and the
ionic radius of Li�.[20] The Li�


ions in the salt 1 a are not rigidly


Table 1. Type of crystal, stoichiometry, crystal shape, and electrocrystallization solvent of the salts 1 ± 5.


Type[a] Stoichiometry[b] Shape Solvent[c]


1a I [(Li�)0.42([18]crown-6)][Ni(dmit)2]2
[d] thin plate CH3CN/H2O


1b II [(Li�)([18]crown-6)(H2O)(CH3CN)0.5][Ni(dmit)2]3 plate CH3CN
2a I [(Na�)0.66([18]crown-6)][Ni(dmit)2]2(H2O) needle CH3CN/H2O
2b II [(Na�)([18]crown-6)(H2O)0.5(CH3CN)][Ni(dmit)2]3 plate CH3CN
3 III [(K�)([18]crown-6)][Ni(dmit)2]3 plate CH3CN
4 III [(Rb�)([18]crown-6)][Ni(dmit)2]3 plate CH3CN
5 I [(Cs�)0.8([18]crown-6)][Ni(dmit)2]2 fine needle CH3CN


[a] See text. [b] Determined by X-ray crystal structural analysis. [c] Mixed solvent system was employed for the
crystal preparations of the salts 1a and 2a with CH3CN/H2O 9:1. [d] Li� stoichiometry was determined by the
temperature-dependent magnetic susceptibility.


Table 2. Structural parameters of [Ni(dmit)2] layer and SC� unit. Transfer integrals (t� 10ÿ2 eV) within the
[Ni(dmit)2] layer[a] and average M� ´ ´ ´ O contacts (M� ´ ´ ´ Oav), average isotropic thermal parameter (B), and COC
asymmetric stretching frequency (na


COC [cmÿ1]) within the SC� units.


Type I Type II Type III
1 a 2a 5 1 b 2b 3 4


t1 12.8 13.36 13.5 15.17 ÿ 17.20 ÿ 15.3 ÿ 15.3
t2 ± ± ± ÿ 0.89 ÿ 0.23 ÿ 3.70 ÿ 3.04
t3 ± ± ± 14.83 ÿ 16.26 3.55 3.40
t4 ÿ 0.27 ÿ 0.62 ÿ 0.40 ÿ 0.45 ÿ 0.33 ÿ 0.06 ÿ 0.11
t4' ± ± ± ÿ 0.25 ÿ 0.02 ± ±
t5 0.18 0.40 0.32 2.62 0.39 1.32 1.50
t5' ± ± ± ÿ 0.58 1.26 ± ±
t6 ± ± ± 0.24 ÿ 0.54 ÿ 0.67 ÿ 0.54
t6' ± ± ± ÿ 0.37 ÿ 0.50 ± ±
t7 ± ± ± ÿ 0.92 1.80 ± ±
t7' ± ± ± 0.17 ÿ 5.86 ± ±
M� ´ ´ ´ Oav 2.82 2.75 3.58 2.09 2.75 2.80 2.86
B 6.9 9.0 9.0 5.3 10.1 4.4 4.9
na


COC 1103 1109 1105 1105 1111 1102 1098


[a] The transfer integrals (t) were calculated from the LUMO of [Ni(dmit)2] molecule based on the extended
Hückel calculation (t�ÿ10 S eV, S is the overlap integral).
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Figure 1. Crystal structure of [(Li�)x([18]crown-6)][Ni(dmit)2]2 (1a).
a) Unit cell viewed along the a axis and b) along the b axis. c) Transfer
integrals (t� 10ÿ2 eV) within the [Ni(dmit)2] layer viewed along the long
axis of the [Ni(dmit)2] molecule. d) The energy dispersion (left) and Fermi
surface (right) of the LUMO band. The G, X, V, and Y points are (0, 0, 0),
(1, 0, 0), (1, 1, 0), and (0, 1, 0), respectively.


Figure 2. Ionic channel structures found in the type I salt viewed normal to
the stacking direction. a) [(Li�)x([18]crown-6)] units with the two position-
ally disordered M� sites (above and below the [18]crown-6 plane).
b) [(Na�)0.66([18]crown-6)(H2O)] units in which the Na� ion locates at the
center of the cavity. c) [(Cs�)0.8([18]crown-6)] units, in which the Cs� ions
exist at the midpoints between the [18]crown-6 molecules.


fixed by the [18]crown-6 molecules. Moreover, the Li� ions
have a large thermal factor along the ionic channel direction;
this suggests dynamic translational motion of the ions within


the channel. The average Na� ´ ´ ´ O distance (2.75 �) in the
salt 2 a within the [18]crown-6 cavity is�0.3 � longer than the
van der Waals contact,[20] while a short Na� ´ ´ ´ O bond length
(2.25(1) �) is found between the Na� ion and water oxygen
atoms at the axial position. The Cs� ions in salt 5 are
coordinated by twelve oxygen atoms of the [18]crown-6
molecules above and below the Cs� ion. The average Cs� ´ ´ ´ O
distance in salt 5 (3.58 �) is �0.4 � longer than the van der
Waals contact (3.21 �).[20] The large Cs� ion cannot pass
through the [18]crown-6 cavity and are loosely fixed between
two [18]crown-6 molecules.


The common character of the M� ´ ´ ´ O interactions found in
the ionic channel structure is the weak coordination of the M�


ions by the [18]crown-6 molecules and the incomplete site
occupation. Among them, the Li� ion within the ionic channel
has extremely long M� ´ ´ ´ O contacts relative to the others;
this suggests dynamic ionic motion within the channel. The
distribution as well as the magnitude of motional freedom of
each ion within the ionic channel is related to the electrical
and magnetic properties of the type I salts (see below).


Crystal structure of type II salts : In the case of Li� and Na�


salts, a polymorphism was observed and type II salts 1 b and
2 b were obtained in addition to the type I salts. The salts 1 b
and 2 b contain solvent molecules (CH3CN and H2O), which
take part in the construction of the SC� structures of dimeric
{(M�)([18]crown-6)(CH3CN)x(H2O)1.5ÿx}2 unit. The SC� units
are located in the cavities between [Ni(dmit)2] layers, without
intermolecular M� ´ ´ ´ S contacts.


The [Ni(dmit)2] molecules of the salts 1 b and 2 b are
stacked along the a and c axes, respectively, while the
{(M�)2([18]crown-6)2} units stack orthogonally to the stacking
axis of the [Ni(dmit)2] column (Figures 3 and 4). The
[Ni(dmit)2] column of the salt 1 b is composed of the A-B-C
trimer unit (Figure 3c), and reflects the cation/[Ni(dmit)2]
ratio of 1:3. The strong trimerization is confirmed by the large
transfer integrals of t1� 15.17 and t3� 14.83. The intertrimer
A ± C interaction (t2�ÿ0.89) is not effective enough to
increase the interaction along the stacking direction. In
addition, the [Ni(dmit)2] columns are connected by eight
weak intercolumnar interactions along the a�c (t5 , t7, t4' , and
t6) and the aÿ 3c (t4 , t6 , t5' , and t7') directions. Among them, the
t5 interaction (2.62) is the most effective. Similar A-B-C trimer
units are observed in the salt 2 b with transfer integrals of t1�
ÿ17.20 and t2�ÿ16.20; these are quite significantly larger
than that of the intertrimer integral (t3�ÿ0.23).


{(M�)2([18]crown-6)2} structure : A dimeric structure of
[(Li�)2([18]crown-6)2(H2O)2(CH3CN)] is formed in the salt
1 b, in which two Li� ions are connected by a water molecule
(O10) (Figure 3a). One of the {(Li�)([18]crown-6)} units
(unit A) has a V-shaped conformation, and another water
oxygen atom (O9) is located below the molecular plane of the
[18]crown-6. Since the ion size of Li� is much smaller than the
cavity size of [18]crown-6, the Li� ion lies on one side within
the cavity coordinated by three ether-oxygen atoms, and the
noncoordinating part of [18]crown-6 is deformed upwards. In
the unit B, the Li� ion is also coordinated to three oxygen
atoms of [18]crown-6, one water oxygen (O10), and the







FULL PAPER T. Akutagawa et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4906 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 224906


Figure 3. Crystal structure of [(Li�)([18]crown-6)(H2O)(CH3CN)0.5]-
[Ni(dmit)2]3 (1b). a) Supramolecular cation structures of [(Li�)2([18]-
crown-6)2(H2O)2(CH3CN)]. Dashed lines indicate the interatomic
Li� ´ ´ ´ O (N) contacts. b) Unit cell viewed along the a axis and c) along
the b axis.


CH3CN nitrogen (N1) atom. The average bond length
between Li� and the coordinating oxygen atoms is almost
the same as that of the van der Waals contact (2.12 �).[20] The
noncoordinating oxygen sites should be in an environment
similar to a free [18]crown-6 molecule. The deformed
conformation of [18]crown-6 shows a marked difference
compared to the typical disk-shaped conformation observed
in the type I salt. It is quite natural that the [18]crown-6
molecule should take such a deformed conformation in the
crystal when the small Li� ion has a van der Waals contact
with [18]crown-6 cavity. The planar conformation of
[18]crown-6 in the type I salt makes the large thermal motion
of Li� possible within the channel structure.


The Na� ions in the salt 2 b are fully included into the
[18]crown-6 cavity as in the case of type I salt. The {Na�([18]-
crown-6)2(H2O)} part of the SC� structure is similar to the
local structure of {(Na�)x([18]crown-6)2(H2O)} observed in
the type I salt 2 a. However, the Na� ion is further coordinated
axially by the CH3CN molecules; this isolates the SC� units
from each other as well as from the [Ni(dmit)2] layers. The
bond length of 2.479(4) � between Na� and the water oxygen


Figure 4. Crystal structure of [(Na�)([18]crown-6)(H2O)0.5(CH3CN)]-
[Ni(dmit)2]3 (2b). a) Supramolecular cation structure of [(Na�)2([18]-
crown-6)2(H2O)(CH3CN)2]. Dashed lines indicate the interatomic
Na� ´ ´ ´ O contacts. b) Unit cell viewed along the c axis.


atom connecting two {(Na�)([18]crown-6)} units is slightly
longer than those in the ionic channel structure. On the other
hand, the average Na� ´ ´ ´ O distance (2.751 �) is the same as
that in the type I salt. Since the Na� ions are loosely fixed by
the oxygen atoms of [18]crown-6 molecule, the [18]crown-6
molecule has a conformational flexibility in the crystal.


Crystal structure of type III salts : In the cases of K� and Rb�,
the ionic channel structure could not be obtained and the
type III salts of 3 and 4 were formed instead. Since the size of
the K� and Rb� ions corresponds well with that of the
[18]crown-6 cavity, they are incorporated stoichiometrically
into the cavity of the [18]crown-6 molecule to form typical
disc-shape SC� structures (Figure 5a).


Figures 5b and c show the unit cell of the salt 3 viewed
normal to the [Ni(dmit)2] plane and along the long axis of the
[Ni(dmit)2] columns, respectively. The B-A-B' trimer unit of
[Ni(dmit)2] is stacked along the ÿa�c axis (Figure 5c). The
intradimer and interdimer transfer integrals are ÿ15.3 and
ÿ3.70, respectively. In addition, four kinds of intercolumnar
interactions are observed along the c axis (t3� 3.55 and t5�
1.32) and the 2a�c axis (t4�ÿ0.06 and t6�ÿ0.67) (Fig-
ure 5c). The salt 4 has the same intermolecular interactions
(Table 2). Since the intratrimer transfer integrals of the
type III salts are of almost the same magnitude as those
found in the type II salts, the strong trimerization within the
[Ni(dmit)2] column is a common structural character of the
type II and III salts.


[(M�)([18]crown-6)] structure : The cavity size (1.3 ± 1.6 �) of
[18]crown-6 corresponds to the ionic radii of K� (1.33) and
Rb� (1.48 �).[21] The K� and Rb� ions are included at the
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Figure 5. Crystal structure of [(K�)([18]crown-6)][Ni(dmit)2]3 (3). a) Su-
pramolecular cation unit of [(K�)([18]crown-6)]. Dashed lines indicate the
interatomic K� ´ ´ ´ O contacts. b) Unit cell viewed normal to the [Ni(dmit)2]
plane and c) along the long axis of the [Ni(dmit)2] molecule.


center of the [18]crown-6 cavity and are coordinated by six
oxygen atoms of [18]crown-6 (Figure 5a). The tight coordi-
nation of K� and Rb� ions by the [18]crown-6 molecule is
confirmed by the short M� ´ ´ ´ O distances. The average
K� ´ ´ ´ O distance (2.80 �) in the salt 3 is almost the same as
that found in the [(K�)([18]crown-6]SCNÿ salt (2.805 �) and
is 0.05 � shorter than the van der Waals contact (2.85 �).[22]


The average Rb� ´ ´ ´ O distance of the salt 4 (2.86 �) is
�0.14 � shorter than the van der Waals contact (3.00 �).[20]


The conformation of the [18]crown-6 molecule is fixed by six
M� ´ ´ ´ O contacts.


The nearest-neighbor M� ± M� distance between the
[(M�)([18]crown-6)] units is quite long (>7 �); thus, these
units are completely isolated from each other. On the other
hand, weak contacts between the M� ion and the terminal
sulfur atoms of the [Ni(dmit)2] are observed (3 : 3.420 and 4 :
3.522 �). A strong K� ´ ´ ´ NC contact in the TCNQ salts has
been observed in [(K�)([18]crown-6)][TCNQÿ],[14] which also
conatins an isolated [(K�)([18]crown-6)] structure in the
crystal. The magnitude of the M� ± S interactions in the
[Ni(dmit)2] salts is much smaller than the M� ± NC interaction
of the TCNQ salt due to the smaller negative charge on the
terminal sulfur of the [Ni(dmit)2] molecule. The M� ´ ´ ´ S
contacts isolates the SC� structure and prevents the formation
of ionic channel structure.


Flexibility of SC� structure in the crystal : The flexibility of
[(M�)x([18]crown-6)] structures can be evaluated from the
linewidth in the vibrational spectra in addition to the isotropic
thermal parameters in X-ray structural analysis. Since the
mixed-valence [Ni(dmit)2] salt has a broad CT band over the
IR region, the intense asymmetric C-O-C stretching mode
(na


COC� is useful to monitor the [18]crown-6 molecules in the
crystal.[23] It has been reported that the formation of an
[(M�)([18]crown-6)] complex causes a slight red-shift (1 ±
2 cmÿ1) of the na


COC mode.[23] The amount of energy shift of
the na


COC modes in the type I and II salts is not clear because of
the to the broad line shape, while red-shifts of 4 ± 8 cmÿ1 for
the na


COC mode are observed in the type III salts in addition to
the sharpening of the band (Figure 6). The origin of the red-
shift is the weakening of the CÿO bonds on tight complex-
ation of K� and Rb� ions by the [18]crown-6 molecule.[23a]


Figure 6. IR spectra of the salts 1 a ± 5 and free [18]crown-6 molecule in the
region of asymmetric COC stretching mode of [18]crown-6.


The broad vibrational band in [18]crown-6 molecules is
related to the flexible molecular motion.[24] Since the free
[18]crown-6 molecule has a disorder even at 120 K,[25] the
conformation around the C-O-C bonds strongly fluctuates at
room temperature. The broad linewidth of the na


COC modes
found in the type I and II salts indicates thermally fluctuating
[(M�)([18]crown-6)] structures that are in an environment
close to that of a free [18]crown-6 molecule. In the type III
salts, K� and Rb� ions are tightly bound to the [18]crown-6
cavity; this reduces the molecular motion of [18]crown-6
resulting in a narrow linewidth of the nÄ a


COC modes.
The average isotropic thermal parameter (B) of oxygen


atoms and M� ions are also in good agreement with the
thermally fluctuating SC� structures in the type I and II salts
(Table 2). The B values found in the type I and II salts are
larger than those of type III salts. The tight coordination of
the [18]crown-6 molecule to the K� and Rb� ions decreases
the magnitude of the B values of the [(M�)([18]crown-6)]
units in the type III salts.


Electrical conductivity : The electrical and magnetic proper-
ties of the salts 1 a ± 5 are summarized in Table 3. The
conductivities at 300 K (s300 K) of the type I salts (10 ±
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30 Scmÿ1) are higher by two orders of magnitude than those
of the type II and III salts (0.06 ± 0.6 S cmÿ1). The type II and
III salts show semiconducting behavior, and, except for salt
2 b, exhibit a semiconductor ± semiconductor transition at
�230 K. The electrical conducting behavior of the type II and
III salts reflects the strongly trimerized [Ni(dmit)2] structure
in the electrically conducting columns.


The highly conducting character of type I salts arises from
the uniform stacking structure of the [Ni(dmit)2] column.
Figure 7 shows the temperature-dependent resistivity (1) of


Figure 7. Temperature-dependent electrical resistivity of the type I salts
(1a, 2a, and 5). Inset shows the plot in the temperature range from 200 to
300 K.


the type I salts. The resistively is almost temperature inde-
pendent in the high-temperature region (inset in the Figure 7)
and the semiconducting behavior (negative slope in the
resistivity vs. temperature curve) becomes dominant at lower
temperature for the salts 1 a and 2 a. The 110 K/1300 K values of
the salts 1 a and 2 a are 1400 and 2600, respectively, while the
salt 5 maintained high conductivity down to 10 K (14 K/1300 K�
10). The activation energies of the salts 1 a, 2 a, and 5 in the
semiconducting region are 16, 44, and 4� 10ÿ3 eV, respective-
ly.


The type I salts have the same band structure, and the
conduction electrons in the [Ni(dmit)2] column should have a
Fermi surface in the quasi one-dimensional band within the
tight-binding approximation. However, the highly one-dimen-


sional electronic structure of the type I salts is sensitive to the
static disorder or dynamic motion of the countercation within
the ionic channel. The magnetic measurements showed that
the semiconducting behavior of salt 2 a should be explained by
the static positional disorder of the Na� ions within the ionic
channel, while the electrical conductivity of salt 1 a should be
discussed in terms of thermally induced ionic motion and their
freezing at low temperature, as in the case of the [(Li�)0.6([15]-
crown-5)(H2O)][Ni(dmit)2]2 salt previously reported.[17] On
the other hand, the salt 5 is essentially a one-dimensional
metal. These results are discussed in the next section.


Magnetic susceptibility of type I salts : Figure 8 shows the
temperature-dependent magnetic susceptibility (cm) per two
[Ni(dmit)2] units of the type I salts. Although the [Ni(dmit)2]


Figure 8. Temperature-dependent magnetic susceptibility (cm) per two
[Ni(dmit)2] units of type I salts. The solid line is a fit of the one-dimensional
linear antiferromagnetic Heisenberg chain model for the salt 1 a.


arrangements are the same for the type I salts, the magnetic
behavior of the Li�, Na�, and Cs� salts are completely
different to one another. The salts 1 a and 5 have small cm


maxima in the plot of cm against T, while the cm of salt 2 a
increased steadily as the temperature decreased.


The temperature-dependent magnetic susceptibility of salt
2 a is well explained by the one-dimensional disordered
antiferromagnetic Heisenberg chain model. This model is
based on a probability distribution of the exchange energy J in
random magnetic interaction.[26] A canonical transformation
reduces the temperature dependent cm behavior [Eq. (19].


cm/
1


T1ÿc
(1)


The magnetic behavior of salt 2 a is well reproduced with
the fitting parameter c� 0.27. The temperature-dependent cm


behavior of salt 2 a is similar to that of [N-methylphenazi-
nium][TCNQ].[26] The origin of localized spins of salt 2 a,
despite the high electrical conductivity, results from the static
disorder of Na� ions within the ionic channel; this generates
the nonperiodical potential field in the crystal and acts as a
source of pinning potential for conduction electrons within
the one-dimensional [Ni(dmit)2] column. The randomly
occupied spins on regular [Ni(dmit)2] columns of salt 2 a


Table 3. Electrical conductivities at room temperature (sRT), activation
energy (Ea), and magnetic susceptibility (cm) of the salts 1 ± 5.


Type sRT
[a] [S cmÿ1] Ea [eV] cm(300 K) [emu molÿ1]


1a I 11.2 M[b] 2.8� 10ÿ4


2a I 12.0 M[b] 10.8� 10ÿ4


5 I 17.0 M[b] 9.9� 10ÿ4


1b II 0.6 0.15[c] ±
2b II 0.06 0.40 ±
3 III 0.08 0.28[c] ±
4 III 0.2 0.36[c] ±


[a] Measured by the standard four-probe d.c. method. [b] Metallic. [c] The
activation energies Ea of salts 1 b, 3, and 4 were obtained in the temperature
regions above 230 K.
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induce the probability distribution of magnetic interaction J,
which should be directly related to the Na� distribution within
the ionic channel.


The cm value of salt 1 a below 100 K is consistent with the
one-dimensional linear antiferromagnetic Heisenberg chain
model[27] after subtracting the 1.4 % Curie component of S�
1/2 spin. The magnetic exchange energy (J/kB) and spin
number below 100 K are ÿ62 K and 0.42 spin (g� 2) per two
[Ni(dmit)2] units, respectively (solid line in Figure 8). Devia-
tion from the one-dimensional linear antiferromagnetic
Heisenberg chain model is observed above 100 K. The
behavior closely resembles that of [(Li�)0.6([15]crown-
5)(H2O)][Ni(dmit)2]2, the deviation from the one-dimension-
al linear Heisenberg chain model of this salt was explained by
the contribution from Pauli paramagnetism.[17] The gradual
transition from the localized Heisenberg antiferromagnetic
state to the metallic Pauli paramagnetic state at higher
temperatures is explained as follows: The small sized Li� ion
can pass through the cavity of [18]crown-6, thus ionic motion
is possible in the salt 1 a. Upon lowering the temperature, the
translational Li� motion gradually freezes and the Li�


arrangement is fixed within the ionic channel. The quasi
one-dimensional electronic band of [Ni(dmit)2] is strongly
affected by such ionic motion. The random potential of the
ionic lattice generated by the freezing of the Li� ion should
localize the electrons on the highly one-dimensional con-
duction band and open an energy gap at the Fermi surface of
the [Ni(dmit)2] column; this results in the one-dimensional
antiferromagnetic Heisenberg behavior of electronic system.
On the other hand, the dynamic Li� motion averages the
random potential field and suppresses the band-gap forma-
tion. Thus, metallic behavior becomes evident at higher
temperatures. It is not clear at present, however, why the Li�


salt exhibits ordinary one-dimensional antiferromagnetic
behavior in the low-temperature phase rather than a disor-
dered antiferromagnetic behavior as seen in the Na� salt.


The deviation from the Pauli paramagnetic state in salt 1 a
occurs at a much lower temperature (100 K) relative to the
[(Li�)0.6([15]crown-5)(H2O)][Ni(dmit)2]2 salt (200 K); this is
related to the degree of motional freedom of Li� ions within
the ionic channel. Since the minimum cavity size of [18]crown-
6 is�0.4 � larger than that of [15]crown-5, the Li� ions within
the ionic channel of [18]crown-6 have a larger motional
freedom than those in [15]crown-5. The solid-state 7Li NMR
measurement suggested that the dynamic Li� motion in the
salt 1 a is maintained down to the temperature at which the
deviation from the one-dimensional linear antiferromagnetic
Heisenberg chain model is observed.[28]


The absolute cm value of salt 5 in the temperature range
from 10 K to 350 K is slightly larger than that expected from
the Pauli paramagnetism (�10ÿ4 emu molÿ1). The enhanced
susceptibility indicates a very localized character of the
conduction electrons similar to that observed in the metallic
(CH3)4N[Ni(dmit)2]2 and a-[(CH3)2(C5H10)N][Ni(dmit)2]2


salts.[29] The appearance of a broad cm maximum in the Pauli
paramagnetism has been reported in the a-
[(CH3)2(C5H10)N][Ni(dmit)2]2 salt ; this is attributed to the
antiferromagnetic interaction within the metallic state.[29b]


Thus, we can safely conclude from the magnetic properties


that the salt 5 is a metal. The high room-temperature
conductivity and the semiconducting behavior at lower
temperatures together with the extremely small activation
energy indicate that salt 5 should be categorized as a
ªdisordered metalº. Because of the highly one-dimensional
electronic structure of the salt 5, electronic conduction is
easily disrupted by the random distribution of the Cs� ions in
the ionic channel structure.


The electronic state of salt 5 resembles that of the KCP
salts, K2Pt(CN)4X0.3 ´ n (H2O), in which the halogen ion Xÿ is
nonstoichiometrically incorporated in the crystal. As in the
case of KCP salts,[30] the salt 5 exhibits a diffuse streak at 0.2a*
in the Laue photograph at 297 K along the stacking direction.
The diffuse streak becomes a superstructure at �100 K. The
streak corresponds to the 2kF periodicity in the [Ni(dmit)2]
column; this is a further indication of the metallic state of the
salt 5.


Although the structure of the [Ni(dmit)2] column in salts
1 a, 2 a, and 5 are the same, the counterion distribution in the
ionic channel structure completely changes the electronic and
magnetic properties of the [Ni(dmit)2] column; this further
indicates a possibility for controlling the electronic state
through the design of an ionic channel structure.


Formation of ionic channel structure : We will discuss the
origin of the SC� structures in terms of the complex formation
between the M� ion and the [18]crown-6 molecule in solution.
The equilibrium constant Kc for the [M�([18]crown-6)]
complex formation proved to be one of the useful parameters
in controlling the types of SC� structures found in the crystal.


Figure 9 shows the logKc versus ionic radius plots for
[18]crown-6 and alkali metal cations. The logKc values are
mainly governed by the balance of the ionic radius and the


Figure 9. The complex formation constant (log Kc) versus ionic radius of
Li� (0.6 �), Na� (0.95 �), K� (1.33 �), Rb� (1.48 �), and Cs� (1.69 �). The
open and closed circles are data in CH3CN (Refs. [34, 35, 38]) and CH3CN/
H2O (9:1, this work), respectively.


cavity size of crown ethers. The large log Kc values of 5.72 and
4.89 for K� and Rb�, respectively, in CH3CN reflected the fact
that the ionic radii of the K� and Rb� fit well into the cavity of
[18]crown-6 molecule.[31] Under electrocrystallization condi-
tions, K� and Rb� ions are tightly included into the [18]crown-
6 cavity in CH3CN to form typical disc-shaped SC� struc-
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tures,[22] which are incorporated into the cavities between the
[Ni(dmit)2] layers in the type III crystal.


The logKc values of Li� and Na� ions against [18]crown-6 in
CH3CN have been reported to be 3.73 and 4.7, respectively.[32]


The Li� and Na� ions are also coordinated by oxygen atoms of
[18]crown-6 in solution. The Li� and Na� ions are too small to
form six effective M� ´ ´ ´ O contacts within the [18]crown-6
cavity, and the ions are further solvated by CH3CN molecules.
Since the solvation ability of a water molecule to the Li� and
Na� ions is higher than that of CH3CN,[33] low contamination
with water molecules in the electrocrystallization solvent will
lead to the water-containing SC� structures, such as
[(Li�)2([18]crown-6)2(H2O)2(CH3CN)] and [(Na�)2([18]-
crown-6)2(H2O)(CH3CN)2], in which two M� ions are bridged
by a H2O molecule. It seems that these SC� structures are
directly incorporated into the crystal to give type II salts.


Two kinds of complex formation processes, log Kc(1)� 4.83
and logKc(2)� 0.57, have been reported for the
[(Cs�)x([18]crown-6)] adducts in CH3CN.[34] The two pro-
cesses correspond to the complex formation of the
[(Cs�)([18]crown-6)] and [(Cs�)([18]crown-6)2] species, re-
spectively. Since the Cs� ion is much larger than the cavity of
[18]crown-6, the ions are located outside of the [18]crown-6
plane in [(Cs�)([18]crown-6)] and are further coordinated by
another [18]crown-6 to give the sandwich structure of
[(Cs�)([18]crown-6)2]. These species will form an infinite
[(Cs�)x([18]crown-6)]1 chain through M� ± O interactions,
which should be the origin of the ionic channel structure in the
salt 5. The 6:1 ratio of the [(Cs�)([18]crown-6)] and
[(Cs�)([18]crown-6)2] units provides a stoichiometry close to
[(Cs�)0.8([18]crown-6)] observed in the salt 5.


To realize the ionic channel structure in the crystals of Li�,
Na�, K�, or Rb�, we first have to destroy the ion-capturing
SC� structures already formed in solution. The addition of the
H2O into CH3CN solution decreases the cation binding ability
through hydrogen-bond formation between M� ions and
water molecules.[32b][35, 36] The decrease of the logKc value
upon the addition of water to the CH3CN solution was
confirmed by the conductometry measurements. The log Kc


values of the Li�, Na�, K�, Rb�, and Cs� ions in CH3CN/H2O
(9:1) are 3.23, 3.67, 3.96, 3.81, and 3.61, respectively (Figure 9).
The solvation of water molecules destroys or rearranges the
SC� structure in solution.


In the case of the Na� salt, the local SC� structure of
[(Na�)x([18]crown-6)2(H2O)] is almost the same for the salts
2 a and 2 b, except that the amount of Na� is less than unity in
the former case. By the introduction of a large amount of
water molecules in the electrocrystallization solution, the
[(Na�)x([18]crown-6)2(H2O)] units are connected to each
other to form infinite [(Na�)x([18]crown-6)(H2O)]1 chains.
It seems that the ionic channel structures are rather subtle and
the regular stack is retained, even if a significant amount of
vacant sites exists. The amount of the ions in the crystal is
determined according to the oxidation state of [Ni(dmit)2] (or
the amount of conduction electrons on the [Ni(dmit)2]
column) and vice versa.


The ionic channel structure of the Li� salt is quite unusual,
if it is compared with that of the type II salt, in which the
[18]crown-6 is largely deformed to include Li� ion into the


cavity. Although the hydration energy of Li� is much larger
than that of Na�,[37] the water molecules are not included in
the ionic channel structure. It should be noted that the ionic
channel structure observed in [(Li�)0.6([15]crown-5)-
(H2O)][Ni(dmit)2]2 has water molecules at the inversion
center between two adjacent [15]crown-5 molecules. At
present, we ascribe the formation of the ionic channel
structure in the salt 1 a without water molecules to the large
thermal motion of the Li� ions in the ionic channel; this
should eliminate the water molecules upon the formation of
the [18]crown-6 stack and keep the [(Li�)x([18]crown-6)]1
infinite chain structure through the weak contacts of Li� ions
with oxygen atoms of [18]crown-6.


Although further experimental evidence is necessary to
clarify the detailed process of the ionic channel formation, the
design of the ionic channel structure is possible by tuning the
Kc values under electrocrystallization conditions.


Conclusion


The supramolecular cation (SC�) units, which are composed
of alkali metal ions (M��Li�, Na�, K�, Rb�, and Cs�) and
[18]crown-6 molecules, are incorporated into highly conduct-
ing [Ni(dmit)2] salts. The crystals are classified into three types
(I, II, and III) based on the SC� structures. The type I salts
(M��Li�, Na�, and Cs�) have an ionic channel structure in
which the [(M�)x([18]crown-6)] units are assembled in an
infinite regular array through the M� ± O interactions, while
type II (M��Li� and Na�) and type III salts (M��K� and
Rb�) have isolated SC� structures. Since the M� ± O inter-
actions found in the ionic channel are of significant weakness,
the M� ions are not fixed tightly within the channel and
possibly have a translational freedom in the case of the Li�


salt.
The [Ni(dmit)2] columns of the type II and III salts are


composed of trimer units, while the type I salts have a uniform
stack. The electrical conductivities of the type I salt at room
temperature are two orders of magnitude higher than those of
the type II and III salts. The type I salts have a one-dimen-
sional Fermi surface within the tight-binding approximation.
However, the electronic properties of the salts are strongly
influenced by the distribution and the dynamic motion of ions
within the channel, the amount of which is nonstoichiometric
in the crystal. The Na� salt exhibits semiconducting behavior
and the magnetic properties are described by the one-
dimensional disordered antiferromagnetic Heisenberg chain,
on account of the random distribution of Na� ions within the
ionic channel. On the other hand, a gradual metal ± insulator
transition is observed in the Li� salt. This is associated with
the dynamic ionic motions within the ionic channel and their
freezing at low temperature. The Cs� salt showed an
essentially metallic behavior exhibiting 2kF diffuse-scattering
characteristics of a quasi one-dimensional metal.


The regulation of the ionic motion by changing the strength
of the M� ± O interactions is interesting from the viewpoint of
controlling the conduction electrons. Changing the crown
ether from an 18-membered ring to a 24-membered ring or to
other heterocrown ethers, such as thia-crown and aza-crown
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ethers, should modulate the strength of M� ± O interactions
and thus the degree of the electron localization. The higher
valence M2� and M3� ions should also increase the electron
localization potential. Another possibility is the control of the
number of vacant sites, that is, the control of the number of
conduction electrons in the p bands.


Finally, the equilibrium constant (Kc) between the M� ions
and the [18]crown-6 molecule in the electrocrystallization
solvent is a useful parameter for designing the ionic channel
structures in [Ni(dmit)2]-based molecular conductors. The
ionic channel-type SC� structures are preferentially formed
by the addition of a polar solvent, such as water, to the
electrocrystallization solvent by reducing the Kc values. The
next step should be the construction of highly conducting
systems for both ions and electrons and introduction of
mobile magnetic ions into the channel, by the formation of
ionic channel structures in molecular conductors and magnets.


Experimental Section


General : The measurement of IR spectra (n� 400 ± 7600 cmÿ1) was carried
out on KBr pellet samples by using a Perkin ± Elmer Spectrum 2000
spectrophotometer with a resolution of 1 cmÿ1. Acetonitrile (CH3CN) was
distilled from calcium hydride under argon atmosphere prior to use. The
complex formation constants (Kc) between the alkali metal ions and
[18]crown-6 in CH3CN/CH3CN/H2O (9:1) were determined by the
conductometry.[38] A conductance cell (CT-57 101B, TOA Electronics
Ltd.) was employed in the titration procedure of MClO4 (0.1 mm) by
[18]crown-6 (0 ± 1mm) at 24 8C.


Preparation of [Ni(dmit)2] salts : The monovalent (nBu4N)[Ni(dmit)2] salt
was prepared according to the literature.[39] The crystals were grown using
the standard electrocrystallization method. Supporting electrolytes (Li-
ClO4 ´ 3H2O, NaClO4, KClO4, RbClO4, and CsI) were recrystallized from
CH3CN or H2O, then dried in vacuum. CH3CN or CH3CN/H2O (9:1) were
used as electrocrystallization solvents. A constant current (1 mA) was
applied to the platinum electrodes (1 mmÆ) in an H-shaped cell (18 mL)
for two weeks at room temperature. The stoichiometries of the crystals
were determined by X-ray structural analyses. In the cases of the Li� and
Na� salts, two kinds of crystal phases were obtained, needle or plate,
depending on the electrocrystallization conditions.


Crystal structure determinations : Crystal data were collected on a
Rigaku AFC-5R or AFC-7R diffractometer with MoKa (l� 0.71073 �)
radiation and a graphite monochromator. The unit cell parameters were


determined and refined from 25 reflections. Data were collected with w


scan for the salts 1 a, 2a, and 5 or 2qÿw scan for the salts 1b, 2 b, 3, and 4
with maximum 2q of 55.08. Lorentz polarization and absorption corrections
applied in the refinements. The structure refinements were performed by
the full-matrix least-squares method. Calculations were performed by using
teXsan crystallographic software packages.[40] The crystal data are sum-
marized in Table 4. Parameters were refined with the anisotropic temper-
ature factors in all crystals, and the hydrogen atoms were removed from the
refinements. The occupancies of each M� ion were refined in the final
stages. A unit occupation of the Li�, Na�, K�, and Rb� ions was confirmed
in the salts 1b, 2 b, 3, and 4, while the occupancy of the Na� and Cs� ions in
the salts 2a and 5 were 0.66 and 0.8, respectively. The occupancy factor of
the Li� ion in the salt 1a could not be determined from the X-ray analysis
on account of the small electron density of the Li� ion. Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-155155 to CCDC-155161. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).


Electrical conductivity : The temperature-dependent electrical conductivity
was measured by the dc four-probe method along the long axis of the
crystal. The stacking direction of the [Ni(dmit)2] molecules was consistent
with the long axis of the crystal. Electrical contacts of gold wire (10 mÆ) to
the crystals were made by gold paste (Tokuriki 8560).


Magnetic susceptibility : The temperature-dependent magnetic suscepti-
bility was measured with a SQUID magnetometer (Quantum Design
ModelMPMS-5) for polycrystalline samples. The magnetic field applied
was 1 T for all measurements.


Calculation of transfer integrals and band structures : The transfer integrals
(t) and band structures were calculated within the tight-binding approx-
imation with the extended Hückel molecular orbital calculation. The
LUMO of the [Ni(dmit)2] molecule was used as the basis function.[41] The
semiempirical parameters for Slater-type atomic orbitals were taken from
Ref. [41]. The t value between each pair of molecules was assumed to be
proportional to the overlap integral (S), t�ÿ10 S eV. The LUMO band of
[Ni(dmit)2] in the type I salts was assumed to be quarter-filled for band-
structure calculations.
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Table 4. Crystal data, data collection, and refinement parameters of the salts 1 ± 5.


1a 1 b 2a 2b 3 4 5


formula C24H24O6S20Ni2Li C31H27.5LiNi3S30O7N0.5 C24H26O7S20Ni2Na C32H27O7S30Ni3NaN C30H28O6S30Ni3K C30H28O6S30Ni3Rb C24H26O6S20Ni2Cs
Mr 1173.99 1663.90 1208.05 3382.93 1657.51 1707.92 1299.96
crystal system monoclinic monoclinic monoclinic triclinic triclinic triclinic monoclinic
space group P21/c P21/m P21/n P1Å P1Å P1Å P21/n
crystal size [mm3] 0.6� 0.05� 0.05 0.5� 0.13� .013 0.6� 0.1� 0.1 0.6� 0.2� 0.1 0.5� 0.3� 0.05 0.4� 0.3� 0.1 0.5� 0.05� 0.05
a [�] 4.49(2) 11.17(2) 4.503(4) 12.632(2) 8.964(2) 8.971(3) 4.44(1)
b [�] 11.39(2) 45.78(1) 11.347(5) 24.041(9) 21.773(1) 21.859(5) 11.39(1)
c [�] 42.84(1) 11.710(4) 43.29(1) 11.236(4) 7.481(1) 7.455(2) 43.496(7)
a [8] 98.14(3) 99.50(2) 99.22(3)
b [8] 91.6(2) 101.19(5) 89.71(7) 114.52(2) 93.30(1) 93.41(3) 90.96(9)
g [8] 79.71(3) 94.82(2) 94.44(3)
V [�3] 2189(9) 5871(10) 2212(1) 3046(1) 1431.0(5) 1437.8(7) 2199(3)
Z 2 4 2 2 1 1 2
1calcd [gcmÿ 3] 1.781 1.882 1.831 1.852 1.923 1.976 1.963
T [K] 296 200 296 296 296 296 296
m [cmÿ 1] 18.51 20.63 18.45 19.97 21.85 29.48 26.59
R[a] 0.149 0.051 0.055 0.051 0.047 0.103 0.055
Rw


[a] 0.124 0.041 0.057 0.119 0.044 0.131 0.052


[a] R�SjjFoj ÿ jFcjj/SjFoj and Rw� (Sw(jFoj ÿ jFcj)2/SwF 2
o �1/2.
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(Phosphanyloxazoline)palladium Complexes, Part I:
(h3-1,3-Dialkylallyl)(phosphanyloxazoline)palladium Complexes:
X-Ray Crystallographic Studies, NMR Investigations, and
Quantum-Chemical Calculations


Martin Kollmar,[a] Bernd Goldfuss,[a] Michael Reggelin,[b] Frank Rominger,[a] and
Günter Helmchen*[a]


Dedicated to Professor Siegfried Hünig on the occasion of his 80th birthday


Abstract: A series of systematically var-
ied (h3-1,3-dialkylallyl)palladium com-
plexes of (4S)-[2-(2-diphenylphospha-
nyl)phenyl]-4,5-dihydrooxazole
(PHOX) ligands were characterized by
X-ray crystal structure analysis and
NMR spectroscopy. Complexes with
identical substituents in the 1,3-positions


of the allyl group can form eight stereo-
isomers. In solution four to six isomers
were observed and their conformations


assigned with the aid of NOE experi-
ments. The dynamic behavior of the
complexes was analyzed. In addition,
quantum-chemical calculations (restrict-
ed Hartree ± Fock (HF), density func-
tional theory (DFT)) were carried out
and gave satisfactory agreement with
experimental findings.


Keywords: ab initio calculations ´
allyl ligands ´ NMR spectroscopy ´
palladium ´ structure elucidation


Introduction


Asymmetric Pd-catalyzed allylic substitution via (h3-allyl)Pd
complexes (Scheme 1) have been intensively studied with
respect to fundamental aspects and applications in syntheses
of biologically active compounds.[1] Numerous chiral ligands


Scheme 1. Asymmetric Pd-catalyzed allylic substitution via (h3-allyl)Pd
complexes.


have been developed, but very few have been used more than
once or twice. The successful ligands are Trost�s modular
diphosphanes[2] and the phosphanyldihydrooxazoles
(PHOX).[3] Simple PHOX ligands have served particularly
well in reactions with acyclic substrates. In addition they
allowed mechanistic investigations that gave deep insights
into the mechanism of this catalytic reaction.


Essential conceptions (Scheme 2) about the reactions with
PHOX and other P,N ligands are 1) the existence of
diastereomeric exo- (preferred) and endo-h3-allyl complexes
in rapid equilibrium at the reaction temperature and 2)
preferred attack of the nucleophile at the carbon atom of the
allyl group in the position trans to the phosphorus atom.[4]


According to the Curtin ± Hammett principle, rationalization
of enantioselectivities of these reactions requires knowledge
of the isomer ratios and relative rates of substitution of the
diastereomeric allyl complexes, or equivalently, knowledge of
the differences in transition-state energies. In the case of 1,3-
diphenylallyl derivatives the ratios of enantiomeric products,
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Scheme 2. exo ± endo isomerism of (h3-allyl)palladium complexes contain-
ing a PHOX ligand.


typically greater than 95:5, by far exceed those of diastereo-
meric h3-allyl complexes.[4, 7] Given the preferred attack at the
allylic C atom trans to phosphorus,[4] relative rates of
substitution at exo and endo isomers of ten or more were
calculated. However, in the case of 1,3-dialkylallyl derivatives,
ratios of enantiomeric substitution products and of interme-
diary h3-allyl complexes are nearly equal. For example, in the
catalytic reaction the attack of dimethyl sodiomalonate on
complex 6 (see Scheme 3) proceeds with an enantioselectivity
of 79.5:20.5,[3c] and the ratio of exo- and endo-6 (see below) is
70:18. Thus, for the alkyl derivatives population ratios of
diastereomeric h3-allyl complexes mainly determine the
enantioselectivity of the substitution.


Accordingly, it is of crucial importance to understand the
factors that control the relative populations of these isomers.
Work mainly in Basel,[5] Heidelberg,[6] Oxford,[7] and Zürich[8]


on crystal structures of (h3-allyl)Pd complexes of PHOX and
other P,N ligands in conjunction with solution NMR inves-
tigations has given important results concerning this question.
Furthermore, the knowledge derived from these studies was
seminal in devising improved ligands,[11b,c] guided by the
simple experience that ligands leading to high ratios of exo-
and endo-(h3-allyl)Pd complexes give rise to high enantiose-
lectivity.


Our initial conclusions were based on a few complexes; we
have since systematically studied three series of (h3-allyl)Pd
complexes (acyclic alkylated, acyclic arylated, and cyclic allyl
groups) and have carried out quantum-chemical calculations
(HF and DFT), which reproduced the structures and exo ±
endo equilibria surprisingly well. Here we give a full account
of our work on acyclic 1,3-dialkylallyl complexes (Scheme 3).
For all corresponding catalytic asymmetric syntheses accord-
ing to Scheme 1, with dimethyl sodiomalonate as nucleophile,
ee values are recorded in the literature.[3c,d] The ee values
regularly increase with increasing steric bulk of R and R', and
range from 56 to 79 % for the combinations R�R'�Me and
R�Et, R'� tBu, respectively. [9]


Results and Discussion


Preparation and crystal structures of the h3-allyl complexes


The (1,3-dialkylallyl)palladium chlorides 3 and 4 were pre-
pared from the corresponding allylic alcohols in excellent


yields by slightly modified, previously described proce-
dures.[10] Their reaction with various ligands[11] and silver
perchlorate in CH2Cl2/methanol yielded the palladium com-
plexes 5 ± 9 (Scheme 3). Atoms were numbered[12] as given in


Scheme 3. Preparation and atom numbering of (h3-allyl)(PHOX)Pd com-
plexes. The system of numbering is outlined in ref. [12].


the general formula. Crystals suitable for X-ray diffraction
were obtained by crystallization with the diffusion method.


As stated in the introduction, the allylic groups of 5 ± 10 can
adopt an exo or endo configuration; these designations refer
to isomers in which the vectors C4ÿR' and C2aÿH point in the
same or in opposite directions, respectively. Substituents on
the terminal allylic carbon atoms can assume a syn or anti
orientation with respect to the hydrogen atom 2aÿH. Con-
sequently, eight isomers are possible for palladium complexes
with 1,3-disubstituted allyl systems and additional C1-sym-
metric ligands (Figure 1).


The structures of 5 ± 9 were determined by X-ray crystal-
lography. Crystallographic data and parameters are listed in
Table 1. The structures are of high quality and were solved
without problems.[13] The structure of complex 10, which was
published by Sprinz et al. in 1994,[6] was refined again and
included for comparison. Superpositions of the structures of
complexes 5 ± 9 are shown in Figure 2. The position of the
anion relative to the allylic group differed and is not
considered in our discussion of the structural data.


Most of the complexes crystallized in the xss state.
However, for the complexes with small allylic ligands,
mixtures often occur in the solid state. Complex 7 crystallized
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Figure 1. The eight possible stereoisomeric (h3-allyl)Pd complexes and
their designation. The second of these three descriptors refers to the
orientation of the substituent at C1a, and the third descriptor to the
orientation of the substituent at C3a relative to 2a-H.


as mixture of xss and nss isomers. In complexes with the 1,3-
dimethylallyl ligand, the central allylic carbon atoms C2a and
the two methyl substituents of both isomers share approx-
imately the same positions (Figure 3) whilst in complexes with
an unsubstituted allyl ligand, such as 10,[6] the terminal allylic
carbon atoms share the same positions. This dichotomy was
found in other complexes: the (1,3-dimethylallyl)palladium
chloride dimer[14] and some known Pd complexes with the
unsubstitutd allyl ligand.[5a,b,d, 15]


[N,Pd,P] moieties : Bond lengths and angles describing the
[N,Pd,P] moities are given in Table 2 and Figure 4. The PdÿN
(2.100� 0.024 �) and PdÿP bond lengths (2.276� 0.011 �)
bond lengths are very similar in all complexes and within the
expected ranges.[5, 6, 16] The N-Pd-P bond angles are 87.8� 1.28.
The [N,Pd,P] plane is used here as reference plane for analysis
and comparison of the positions of the allyl and PHOX
ligands.


Allyl moieties : The position of the allylic ligand relative to the
[N,Pd,P] moiety is described by the distances between the
allylic carbon atoms and the [N,Pd,P] plane, the internal


Figure 2. Front, side, and top views of the superposition of complexes 5
(green), 6 (red), 7 (blue), 8 (violet), and 9 (orange). Only exo isomers are
shown.


Figure 3. Superposition of the allyl groups of the exo and endo isomers of
(h3-allyl)- and (h3-1,3-dimethylallyl)palladium complexes.
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distances between the allylic carbon atoms, and the distances
to the palladium atom. These parameters suffice to define the
position of the allylic ligands; in addition, tilt (a) and twist (t)
angles are given for better visualization (Table 3).


The PdÿC1a bonds (2.122� 0.014 �) are generally shorter
than the PdÿC3a bonds (2.258� 0.031 �), mainly because of
the differing trans influence of the N and P atoms. In addition,
a weak steric effect is apparent. Thus, the bond length
difference increases in (1,3-dimethylallyl)Pd complexes in the
series 5 (R'�CH3), 0.126 �; 6 (R'� iPr), 0.128 �; and 7 (R'�
tBu), 0.150 �; and for complexes of ligand L2 in the series 10
(R�H), 0.117 �; 6 (R�CH3), 0.128 �; and 8 (R�C2H5),
0.151 �. A similar trend is observed in phenyl-substituted
allylic ligands.[17] The enhanced steric effect of the tBu relative
to the iPr group on the allyl moiety is illustrated by the top
views of complexes 6 and 7 (Figure 3). The C1a-C2a-C3a


angles of 125� 38 are similar to those in other h3-allyl
complexes.[17]


In complexes 5 ± 9, the C2aÿC3a bonds are 0.026� 0.024 �
longer than the C1aÿC2a bonds. Structure 10 is less precise in
this respect and is therefore not considered. This difference in
bond lengths in the allylic moiety is found for most other
complexes with PHOX ligands. However, there are also
examples that exhibit a reversed order.[5c, 17] These structures
have disordered allyl groups and allyl bond lengths of up to
1.48 � and therefore do not disprove the generality of this
structural feature. The C1a-Pd-C3a bond angles lie in the
narrow range of 67.5� 0.78.


The location of the allylic moiety relative to the coordina-
tion plane is described by the tilt angle a (Figure 5) between
the planes [C1a,C2a,C3a] and [N,Pd,P] and by the dihedral
angle t(N-P-C1a-C3a) assessing the twist of the allylic group.[18]


Table 1. Crystallographic data for complexes 5 ± 10.


5 6 7 8 9 10


formula C27H29ClNO5PPd C29H33ClNO5PPd C30H35ClNO5PPd C31H37ClNO5PPd C32H39ClNO5PPd C31H30F6NOPPdSb
molecular weight 620.33 648.38 662.41 676.44 690.46 805.68
temperature [K] 200(2) 200(2) 200(2) 200(2) 200(2) 293(2)
MoKa (l� 0.71073 �)
crystal system orthorhombic orthorhombic monoclinic monoclinic monoclinic orthorhombic
space group P212121 C2221 P21 P21 P21 P212121


Z 4 8 2 2 2 4
a [�] 9.5935(2) 11.7102(2) 9.4692(1) 9.4418(2) 9.7527(1) 10.853(3)
b [�] 14.0919(2) 16.2961(3) 17.9765(2) 18.6204(3) 18.0673(2) 16.731(6)
c [�] 20.0307(4) 31.1267(6) 9.5256(1) 9.7033(2) 9.7701(1) 17.344(5)
a [8] 90 90 90 90 90 90
b [8] 90 90 111.117(1) 115.601(1) 111.659(1) 90
g [8] 90 90 90 90 90 90
V [�3] 2707.96(9) 5939.93(19) 1512.59(3) 1538.46(5) 1599.99(3) 3149.4(17)
1[gcmÿ3] 1.522 1.450 1.454 1.460 1.433 1.699
m [mmÿ1] 0.880 0.806 0.793 0.781 0.753 1.540
Tmax/Tmin 0.86/0.74 0.92/0.80 0.91/0.84 0.97/0.85 0.94/0.83
crystal form needle polyhedron polyhedron platelike polyhedron polyhedron
crystal size [mmÿ1] 0.47� 0.11� 0.02 0.43� 0.36� 0.12 0.38� 0.24� 0.18 0.40� 0.25� 0.04 0.44� 0.20� 0.08
2qmax [8] 51.06 51.08 51.26 50.76 51.06 49.98
no. of reflections 20222 22211 11276 11448 11924 3115
no. of indep. refl. 4711 5142 5045 5097 5283 3115
no. of obs. refl. (I >2s(I)) 3945 5034 4917 4579 4930 2909
restraints/parameters 0/328 107/378 1/376 23/394 1/375 0/362
goodness-of-fit on F 2 1.03 1.09 1.06 1.02 1.02 1.06
final R (F) 0.040 0.023 0.016 0.032 0.032 0.037
Final Rw (F 2) 0.086 0.057 0.041 0.072 0.084 0.091
max/min in diff. map [e�ÿ3] 0.58/ÿ 0.36 0.63/ÿ 0.36 0.36/-0.29 0.62/ÿ 0.52 0.45/ÿ 0.46 0.66/ÿ 0.66


Table 2. Selected bond lengths [�] and bond angles [8] of the (h3-allyl)palladium complexes 5 ± 10.[a]


10[b] 5 6 7[c] 8 9
exo (�46%) endo (�54%) exo exo exo (�93%) exo (>95 %) exo


PdÿN 2.076(7) 2.076(7) 2.111(4) 2.123(3) 2.120(2) 2.114(4) 2.112(4)
PdÿP 2.269(2) 2.268(2) 2.279(1) 2.266(1) 2.276(1) 2.287(1) 2.282(1)
PdÿC1a 2.110(8) 2.110(8) 2.118(6) 2.136(3) 2.127(2) 2.125(5) 2.114(5)
PdÿC2a 2.18(2) 2.20(2) 2.153(6) 2.164(3) 2.160(2) 2.163(4) 2.164(4)
PdÿC3a 2.227(9) 2.227(9) 2.244(6) 2.264(3) 2.277(2) 2.276(5) 2.261(5)
C1aÿC2a 1.49(3) 1.39(3) 1.37(1) 1.409(5) 1.399(4) 1.360(8) 1.397(9)
C2aÿC3a 1.27(2) 1.32(2) 1.32(2) 1.381(5) 1.366(4) 1.358(7) 1.378(8)
N-Pd-P 89.0(2) 89.0(2) 86.7(1) 87.76(8) 87.11(5) 86.9(1) 87.46(9)
C1a-Pd-C3a 67.8(4) 67.8(4) 67.3(3) 67.6(1) 67.1(1) 67.1(2) 68.2(2)
C1a-C2a-C3a 122(2) 127(2) 128.3(8) 122.8(4) 123.5(3) 127.4(7) 124.6(7)


[a] 10 : R1� iPr, R�H; 5 : R1�Me, R�Me; 6 : R1� iPr, R�Me; 7 : R1� tBu, R�Me; 8 : R1� iPr, R�Et; 9 : R1� tBu, R�Et. [b] The structure obtained by
J. Sprinz et al.[6] was refined again with the program ªshelxl 97º[41] and with release of the occupation factor of the position of atom C2a. The Rw value could be
improved from 0.121 to 0.091. [c] The endo isomer was refined to ca. 7%, but this isomer was not evaluated because atoms C1a and C3a were located with low
precision.
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For the latter, the limiting cases are a trihapto allyl ligand (t�
08) and a dihapto bound olefinic system (t� 288). The tilt
angle a varies markedly (120� 58) and no correlation with
structural features is apparent; accordingly, the energy mini-
mum with respect to this coordinate is flat, and crystal-
packing effects are important. For the dihedral angle t values
of 5.0� 4.58 are found, again without apparent correlation
with structural features.


The ethyl groups containing atoms C6a and C7a of
complexes 8 and 9 were in the � sc(1a,6a) conformation.
However, C4a and C5a displayed different conformations:
sp(3a,4a) in 8 and ÿac(3a,4a) in 9. Here and below, the Klyne ±
Prelog convention for the description of conformations or
conformers is used.[19]


Chelate ring PdNCCCP : The chelate ring adopts an envelope
conformation which is characterized by the angle c (35� 108),
between the plane [N,Pd,P] and the best-fit plane through the
atoms N, C2, C6, C7, and P (Figure 5 and Table 4). Contrary to
a previous assumption,[11b] this angle does not vary in a regular


manner with the steric bulk of the dihydrooxazole side chain
or the 1,3-substituents of the allyl group. The average
deviation (Table 4) of the participating atoms from the best-
fit plane through the atoms N, C2, C6, C7, and P (0.086�
0.030 �) gives information about the planarity of this moiety.
The degree of nonplanarity increases with increasing steric
bulk of the substituents of the allylic system and de-
creases with increasing steric bulk of the dihydrooxazole side
chain.


Table 3. Selected structural parameters (angles [8], distances [�]), describing the allyl ligand in relation to the [N,Pd,P] reference plane in 5 ± 10.[a]


10 5 6 7 8 9
exo (�46%) endo (�54 %) exo exo exo (�93%) exo (>95 %) exo


a[b] 118(2) 121(3) 120.7(7) 115.8(3) 118.4(2) 122.7(6) 124.3(6)
distance of C1a to the 0.00(1) 0.00(1) 0.069(9) ÿ 0.128(5) ÿ 0.106(4) ÿ 0.122(7) ÿ 0.163(7)
plane [N,Pd,P][c]


distance of C2a to the 0.53(4) ÿ 0.58(3) 0.366(9) 0.459(4) 0.308(3) 0.258(9) 0.210(9)
plane [N,Pd,P][c]


distance of C3a to the ÿ 0.01(1) ÿ 0.01(1) ÿ 0.32(1) ÿ 0.156(4) ÿ 0.413(4) ÿ 0.37(1) ÿ 0.47(1)
plane [N,Pd,P][c]


t (N-P-C1a-C3a) 0.3(5) 0.3(5) 9.4(3) 0.5(1) 7.3(1) 5.9(3) 7.2(3)


[a] 10 : R1� iPr, R�H; 5 : R1�Me, R�Me; 6 : R1� iPr, R�Me; 7 : R1� tBu, R�Me; 8 : R1� iPr, R�Et; 9 : R1� tBu, R�Et. [b] Angle between the planes
[N,Pd,P] and [C1a,C2a,C3a]. [c] Atoms in the Re and Si half spaces of the plane [N,Pd,P] are defined to have positive and negative distances, respectively.


Figure 4. Average bond lengths [�] and angles [8] of the Pd coordination
plane and the allyl system.


Figure 5. Definitions of structural parameters with complex 8 in side view
as an example. The [N,Pd,P] plane is perpendicularly arranged relative to
the plane of the paper; a : trace of the plane [N,Pd,P]; b : trace of the plane
[C1a,C2a,C3a]; c : trace of the plane [N,P,C1Re], d : trace of the best-fit plane
through atoms N, C2, C6, C7 and P; e : trace of the plane [N,P,C1Si]; tilt
angle a : angle between the planes [N,Pd,P] and [C1a,C2a,C3a]; f : torsion
angle Pd-N-P-C1Re; c : angle between the best-fit plane through atoms N,
C2, C6, C7, and P and the plane [N,Pd,P]; y : torsion angle Pd-N-P-C1Si .


Table 4. Selected structural parameters (angles [8], distances [�]) describing the conformation of the P-phenyl groups relative to the plane [N,Pd,P].[a]


10 5 6 7 8 9
exo (�46 %) endo (�54%) exo exo exo (�93%) exo (>95%) exo


c[b] 25.1(3) 25.1(3) 36.3(2) 31.1(1) 38.76(6) 39.5(1) 39.5(1)
deviation from planarity[c] 0.059 0.059 0.115 0.097 0.065 0.109 0.069
f[d] 73.1(2) 73.1(2) 50.0(4) 66.72(9) 63.13(7) 60.2(1) 62.0(1)
N-P-C1Re 103.7(2) 103.7(2) 93.9(2) 98.1(1) 95.28(7) 92.2(2) 95.4(1)
N-P-C1Re-C2Re 73.9(4) 73.9(4) 66.5(5) 72.3(3) 99.2(2) 96.4(3) 99.6(3)
y[e] 62.4(4) 62.4(4) 63.8(4) 53.1(2) 55.1(2) 55.1(4) 51.8(4)
N-P-C1Si 149.1(3) 149.1(3) 159.5(2) 155.5(1) 157.97(9) 161.6(2) 157.6(2)
N-P-C1Si-C2Si 2.3(9) 2.3(9) 2.8(9) 12.7(5) 8.3(4) 0.7(9) 7.8(7)


[a] 10 : R1� iPr, R�H; 5 : R1�Me, R�Me; 6 : R1� iPr, R�Me; 7 : R1� tBu, R�Me; 8 : R1� iPr, R�Et; 9 : R1� tBu, R�Et. [b] Angle between the 'best-
fit' plane through the ligand atoms N, C2, C6, C7 and P and the plane [N,Pd,P]. [c] Average of distances of the atoms N, C2, C6, C7 and P to the 'best-fit' plane
through them. [d] Torsion angle Pd-N-P-C1Re. [e] Torsion angle Pd-N-P-C1Si .
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Conformation of the P-phenyl groups : The P-phenyl groups
are diastereotopic and can accordingly be distinguished by the
descriptors Re and Si (Figure 5). Their conformation is
described as follows (Table 4). Angles N-P-C1Re and N-P-
C1Si provide information about the axial or equatorial
disposition. The values found (N-P-CRe 96� 78, N-P-CSi


156� 88), show that the Re phenyl groups occupy an axial
position, and the Si phenyl groups an equatorial position.


The arrangement of the phenyl groups with respect to the
allylic moiety, qualitatively characterized as edge-on or face-
on,[20] is described by the torsion angles N-P-C1Re-C2Re and
N-P-C1Si-C2Si. Based on the torsion angle N-P-C1Re-C2Re of
85� 158, the Re phenyl group has an edge-on arrangement,
whereas the Si phenyl group (N-P-C1Si-C2Si 6� 68) has an
almost ideal face-on arrangement.


The tilt of the P-phenyl groups relative to the coordination
plane [N,Pd,P] is described by the angle f (torsion angle Pd-
N-P-CRe) for the Re and by the angle y (torsion angle Pd-N-P-
CSi) for the Si phenyl group (Figure 5). The values found are
f� 62� 128 and y� 57� 58. In general, it is apparent that the
values of torsion angles describing the phenyl groups vary
more than those describing the allyl ligand.


2D NMR investigations on the complexes


The solution structures of all complexes were analyzed by 2D
NMR methods. The chemical shifts and coupling constants of
the protons of the allyl systems are summarized in Table 5.
The relative populations of the isomers were determined by
integration of nonoverlapping signals in the 1H NMR spectra.
The analysis of the spectra was difficult, as at least four of the
possible eight isomers of each of the complexes were found,
and they only differ in the conformation of the allylic system


(cf. Figure 1). These isomers rearrange with different rates,
and this made it necessary to optimize the experimental setup
for each complex studied. The assignment strategy is exem-
plified for complex 8.


All isomers have the same five scalar isolated proton spin
systems: the allylic groups, the dihydrooxazole moiety, the
two phenyl groups, and the phenylene group. The spin systems
are connected by long-range heteronuclear couplings and
cross-relaxing protons of different spin systems of the same
isomer. Therefore, heteronuclear long-range correlation ex-
periments such as 1H,13C HMBC and 1H,31P HMBC, as well as
cross-relaxation experiments such as NOESY and ROESY,
can be used for the isomer-specific assignment of spin systems.


Assignment of the nuclei : Initially, different proton spin
systems belonging to the various isomers were recognized and
assigned by using 1H,1H DQF-COSY and 1H,1H TOCSY
(tmix� 60 ms) spectra. The assignment of the phenyl protons
was only partially possible for the low-population isomers
because of the almost complete overlap of the peaks. The 13C
signals were assigned by using 1H,13C gs-HMBC and 1H,13C
gs-HSQC spectra. The quarternary carbon atom C2 (d� 164)
was used as the reference carbon atom in the cross-spin
system assignment procedure. Each isomer showed the
expected long-range correlations to the dihydrooxazoline (4-
H, diastereotopic 5-H atoms) and the ortho-phenylene group
(11-H). This latter correlation enabled us to find the 31P
signals belonging to the different complexes by means of
1H,31P gs-HMBC spectra.


With the isomer-specific assignment of the 31P signals at
hand it should be possible to find the corresponding allylic
spin systems from 1H,31P gs-HMBC experiments. Unfortu-
nately, in some cases the signal-to-noise ratio in these spectra
was too low, and this forced us to change our strategy by using


Table 5. The chemical shifts [ppm] and the most important coupling constants [Hz] for the allylic protons.


Compound Population [%] C1a C2a C3a 1a-H 2a-H 3a-H 4a-H [a] 5a-H 6a-H [a] 7a-H 4J4a,P
4J5a,P


3J1a,2a
3J2a,3a


5xss 70.4 67.33 121.67 98.16 3.37 5.61 4.70 1.92 0.93 10.3 9.9 12.0 12.0
5nss 20.6 72.01 121.04 89.98 3.84 5.36 4.54 1.82 0.76 10.1 7.2 11.8 11.8
5xsa 7.5 68.09 117.09 94.57 3.83 5.63 5.71 1.39 1.07 6.6 9.2 7.0
5nas < 2 70.63 117.38 91.45 3.96 5.51 4.91 1.93 1.17
6xss 69.8 67.31 121.65 98.86 3.32 5.60 4.78 1.90 0.92 9.3 10.2 11.2 13.0
6nss 18 72.02 120.89 89.73 3.87 5.35 4.42 1.80 0.70 10.9 8.8 12.1 12.1
6xsa 7.8 68.21 117.30 94.87 3.82 5.60 5.60 1.42 1.09 6.2 9.3
6nas 4 71.09 117.44 91.94 3.87 5.58 4.82 1.92 1.20 7.0
6xas 0.2� 0.1 3.87 5.59 5.08 1.97 0.72
6nsa 0.2� 0.1 3.99 5.63 5.49 1.43 0.81
7xss 75.4 65.33 121.42 101.53 3.29 5.36 4.95 1.90 0.93 10.2 9.4 10.4 13.8
7nss 8.3 72.71 120.47 89.57 3.87 5.40 4.19 1.78 0.75 10.1 8.5 12.1
7xsa 10.2 66.55 117.21 98.07 3.82 5.41 5.74 1.43 1.08 6.5 8.7 12.3
7nas 6 72.38 117.03 91.87 3.97 5.64 4.66 1.91 1.21 6.8 7.1 13.4
8xss 68 74.73 118.47 106.63 3.32 5.52 4.88 2.14/2.37 1.24 1.38/0.94 0.83 9.9 13.6
8nss 14 79.18 117.35 97.47 3.85 5.35 4.49 2.13/2.18 1.21 1.04/0.83 0.83 11.8 12.1
8xsa 11.7 75.61 102.73 76.47 3.78 5.53 5.55 1.57/1.79 1.09 1.49/1.14 0.87
8nas 6 78.80 114.95 99.44 3.82 5.52 4.85 2.24/2.28 1.22 1.60/1.48 0.82
8xas 0.3� 0.1 71.16 114.34 103.30 3.80 5.50 5.06 2.20/2.42 1.24 1.15/0.83 0.61
8nsa 0.3� 0.1 67.71 120.88 103.67 3.34 5.52 4.75 2.00/2.37 1.01 1.72/1.53 1.01
9xss 68 72.91 118.56 108.64 3.31 5.32 4.97 2.08/2.37 1.24 1.36/0.98 0.85 10.1 13.7
9nss 8 80.06 117.03 97.21 3.81 5.40 4.24 2.11 1.20 0.80/1.13 0.83 12.1 11.8
9xsa 15 74.07 114.80 105.44 3.78 5.34 5.67 1.58/1.77 1.08 1.47/1.14 0.88 9.8 7.5
9nas 9 79.93 113.86 99.30 3.91 5.57 4.67 2.23 1.20 1.63/1.40 0.83 7.6 13.7


[a] The first number of the chemical shifts of complexes 8 and 9 corresponds to the HRe-protons, the second to the HSi-protons.
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NOESY experiments for further assignment. Accordingly, the
configurations of the allylic systems were determined first as
follows. The syn,syn isomers were identified by NOE cross-
peaks between the terminal allylic protons 1a-H and 3a-H. The
syn,anti and anti,syn isomers were identified by analyzing
NOE cross-peaks between the protons 1a-H and 4a-H and the
protons 6a-H and 3a-H, respectively (Figure 6).


Figure 6. Schematic representation of the expected NOE cross-peaks for
the syn,syn, syn,anti, and anti,anti isomers.


After the NOESY spectra had been analyzed, the six
isomers found for complex 8 could be assigned either to the
syn,syn or to the syn,anti configuration. All of the NOE cross-
peaks in the schematic representation could be found for the
corresponding isomers. As expected, the NOE signals of the
cross-peaks between the 1a-H and 3a-H protons of the syn,syn
isomers were very strong.


For the assignment of the syn,syn and syn,anti isomers to
the exo and the endo series, NOE signals between protons of
the allylic system and protons of the dihydrooxazole spin
system were analyzed. On the basis of the distances in the
crystal structures, the NOE contacts shown in Figure 7 are
expected. Many of these NOE cross-peaks could indeed be
found and thus permitted the unequivocal identification of the
six isomers described in Figure 7. These assignments were
further confirmed in some cases by 1H,1H and 1H,31P coupling
constants, although many coupling constants could not be
determined due to strong overlap with signals of different
isomers (especially of protons 3a-H).[21]


The proton spin systems of the dihydrooxazole moiety and
the phenylene group were connected by using 1H,13C gs-
HMBC and 1H,13C gs-HSQC spectra with C2 as reference
atom. The Re-phenyl group was assigned with the help of
NOESY spectra, which showed strong cross-peaks between
the methine proton of the isopropyl group of the dihydroox-
azole moiety and the ortho-phenyl protons. The Si-phenyl
group was assigned by using NOESY peaks between its ortho-
protons and 8-H of the phenylene group, as well as the ortho-
protons of the Re-phenyl group.


Subsequent to the signal assignment, the conformation of
the two ethyl groups attached to the allylic system of
complexes 8 and 9 and the conformation of the isopropyl
group of complexes 6 and 8 were analyzed.


Figure 7. Schematic representation of the most important expected NOE
cross-peaks for the final assignment of the allyl spin systems to either the
exo or the endo series.


Conformations of the ethyl groups : The conformations of the
ethyl groups (Figure 8) are defined by the dihedral angles f1


(C5a-C4a-C3a-C2a) and f2 (C7a-C6a-C1a-C2a). For C(sp3) ±
C(sp2) systems it is known that eclipsed conformers are
preferred.[22] On this basis it is possible to construct six
partially eclipsed conformations for each ethyl group. From
the quantitative treatment of the transfer amplitudes in DQF-
COSY spectra and HMBC spectra it can be shown that the
cross-peak intensities in these spectra are correlated to the
values of the vicinal 1H,1H and 13C,1H coupling constants,
respectively.[23] For our purposes it was sufficient to simply
assign a large cross-peak intensity to a syn- or anti-periplanar
arrangement of the two interacting spins, and a weak cross-
peak for all other cases. Based on these considerations,
expected cross-peak intensities could be derived for each
conformation (Table 6). A comparison of these expectations
with the observed intensities ruled out four of the six
conformations for dihedral angles f1 and f2.


For the final decision between the �ac and the ÿ sc
conformations, the NOESY data (tmix� 600 ms, Figure 9)
were analyzed. As can be seen from Table 6 and Figure 9, the
proton for which both COSY/HMBC cross-peak intensities
are strong has a very intense NOE to 4-H. The proton for
which both COSY/HMBC cross-peak intensities are weak has
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strong NOEs to both 4-H and the isopropyl methine proton
(8) or the tBu protons (9) of the dihydrooxazole moiety. This
is clear evidence for predominance of the ÿ sc(3a,4a) con-
former. Similar arguments using the ortho-protons of the
phenyl groups (Figure 9) revealed the �ac(1a,6a) conformer
to be predominant in solutions of 8 and 9. Moreover, from this
combined analysis of coupling and cross-relaxation data, it
was possible to assign the diastereotopic protons at C4a and
C6a (Table 5). A comparison with the crystal structure
revealed that in complex 9 the conformations of the ethyl
groups are identical to those found in solution [ÿ sc(3a,4a),
�ac(1a,6a)], whereas in 8 the sp(3a,4a) conformer was found in
the solid state but the ÿ sc(3a,4a) conformer in solution. With


respect to the ethyl group containing C6a and C7a again
identical conformers [�ac(1a,6a)] were found in the crystal
and in solution.


Conformations of the isopropyl groups : The isopropyl sub-
stituent of the dihydrooxazole ring can adopt three confor-
mations (Figure 10), knowledge of which is important for the
discussion of the exo :endo isomer ratios of the complexes. In


Figure 10. Schematic representations of the staggered conformations of
the isopropyl side chain.


all previously investigated complexes, the ÿ sc conformation
was found in the crystalline state,[6, 17] and this is also true of
complexes 6 and 8. The conformation in solution was
determined by following similar lines of argument as the
above analysis of the conformational preferences in the allylic
fragment of the complexes. As expected from our earlier work
on the (1,3-diphenylallyl)Pd complex,[6] the ÿ sc(iPr) confor-
mation was found to be predominant.


Dynamic behavior of the complexes : Studying interconver-
sion processes of (h3-allyl)Pd complexes is useful, as breaking
of a CÿPd bond can be involved, which also occurs in the
transition state of an allylic substitution. Three modes of
interconversion of h3-allyl isomers are known: [24] 1) p ± s ± p


rearrangement involving fission of two of the PdÿC bonds to
give a s complex, rotation around either a CÿC or a CÿPd
bond of the s complex, and reformation of the p complex, 2)
apparent rotation of the allylic moiety after dissociation of
one of the additional ligands, and 3) apparent rotation via
pseudorotation of a pentacoordinate complex formed by
coordination of an additional ligand (e.g., chloride) to Pd. We
previously showed for complex 10, which contains an
unsubstituted allyl group, that endo ± exo isomerization pro-
ceeds by p ± s ± p rearrangement with breaking of the PdÿC3a


bond and rotation around the C1aÿC2a bond.[6] An analogous
result was obtained by Togni et al. for another P,N ligand.[8] In
the case of 1,3-disubstituted allyl complexes, exo ± endo
isomerization can proceed by mode 1 with rotation around a
CÿPd bond of an intermediate s complex, mode 2, or mode 3,
and these modes can not be distinguished by exchange
spectroscopy. However, syn ± anti isomerization can only
occur by mode 1 and is observable by this method.


All complexes were investigated. The procedure is illus-
trated here for the (1,3-dimethylallyl)Pd complex 6. The
exchange peaks between protons of the different allylic
systems in the phase-sensitive 1H,1H NOESY spectrum
(tmix� 600 ms, T� 298 K) indicate that chemical exchange
occurs between them (Figure 11). They were easily identified
because at 500 MHz and the given temperature, 6 was still in
the extreme narrowing limit with 1008 phase shift between


Figure 8. Definition of the dihedral angles f1 and f2 and eclipsed
conformations for C4a and C5a of the ethyl group (f1) in complexes 8xss
and 9xss.


Figure 9. Schematic representation of the NOE signals between protons of
the allylic system and the ligand; vs: very strong; s: strong; w: weak.


Table 6. Expected and observed COSY and HMBC cross-peak intensities
(w: weak, s: strong) in complexes 8xss and 9xss.


Interacting
nuclei


Expected crosspeak intensity for conformer Observed
crosspeak
intensity


sp � sc � ac ap ÿ ac ÿ sc


3a-H/4a-HSi w w s w w s s
3a-H/4a-HRe w s w w s w w
C2a/4a-HSi w w s w w s s
C2a/4a-HRe w s w w s w w
1a-H/6a-HSi w w s w w s s
1a-H/6a-HRe w s w w s w w
C2a/6a-HSi w w s w w s s
C2a/6a-HRe w s w w s w w
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Figure 11. Exchanging protons of the corresponding isomers.


peaks due to chemical exchange and those evoked by cross-
relaxation.


The various modes of isomerization and possibilities of
proton exchange of 1,3-disubstituted complexes are depicted
in Figure 12. For example, if in the the s complex formed from
isomer xss after fission of the PdÿC3a bond, rotation around
the C1aÿC2a bond occurs, 1a-H of xss should exchange with


Figure 12. Exchange network of isomeric complexes 6. The gray areas
indicate rearrangements for which exchange peaks were found.


1a-H of nas. If the s complex is formed after PdÿC1a fission,
rotation about the C2aÿC3a bond leads to exchange of 3a-H of
xss and 3a-H of nsa ; if rotation occurs around any of the two
PdÿCa bonds or apparent rotation of the allyl group by
mode 2 or 3, no exchange of syn and anti protons should
occur. For complexes 5 ± 9, of the rearrangements shown in
Figure 12, the expected exchange peaks, except for those
between the pairs nas/xsa and nsa/xas, were observed, that is,
only interconversions after fission of the PdÿC3a bonds were
found. This is as expected on the basis our previous work with
complex 10, which displayed interconversion of 1a-Hanti and
1a-Hsyn due to cleavage of the PdÿC3a bond to give the
corresponding s complex, in which rotation occurs around the
C1aÿC2a bond. Fission of the PdÿC3a bond is in accordance
with expectation, because this bond, which is trans to
phosphorus, is elongated according to the X-ray studies. The
alternative process involving fission of the PdÿC1a bond was
never observed.


The exchange rates (CDCl3, 298 K) were determined by a
method[25] relating cross- and diagonal peak intensities.
Preferably, buildup rates would have been measured, but this
was not possible because of limitations in measuring time. Of
the observed processes outlined in Figure 12 only those
compiled in Table 7 could be quantitatively assessed because
of diagonal peak overlap.


Quantum-chemical calculations of geometries and energies :
Impressive results on palladium allyl complexes were ob-
tained by quantum chemical calculations.[26] Among the
hitherto studied subjects are nucleophilic attack on (h3-
allyl)Pd complexes with transition structure models,[27] central
versus terminal additions to (h3-allyl)Pd moieties,[28] the
electronic influence of ligands on the nature of Pd ± allyl
bonding,[29] b-substituent effects in (h3-allyl)Pd complexes,[30]


and conformational preferences of (h3-allyl)Pd and (olefin)Pd
complexes.[31] However, to the best of our knowledge, no
theoretical study concerning the relative stabilities of isomeric
chiral (h3-allyl)Pd complexes has been reported so far.
Calculations on isomeric (h3-allyl)Pd complexes must precede
the demanding investigations of diastereomorphic transition
structures, which have been carried out only for small model
systems so far.[27]


The equilibrium structures of the eight isomers (Figure 1)
of complexes 6 and 7 were optimized by using the program
package Gaussian 98.[32] Due to the considerable size of the
system, the Restricted Hartree Fock (RHF) method, the


Table 7. Exchange rates for the rearrangement of some of the observed
isomers of complexes 6 ± 9.


Participating complexes kexch. [sÿ1]


6xss ± 6xas 0.51
7xss ± 7nss 1.69
8xss ± 8nss 0.28
8xss ± 8nas 0.25
9xss ± 9nss 0.21
9xss ± 9nas 0.38
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3-21G basis set for C, H, N, and O, and the LanL2DZ-ECP
basis set for P and Pd were employed.[33] Gas-phase single-
point energy calculations were performed by the hybrid
density functional method B3LYP[34] with LanL2DZ-ECP for
P and Pd and the Dunning ± Huzinaga full double-zeta basis
set[35] for C, H, N, and O (denoted as B3LYP/LanL2DZ).
Single-point energies in the solvent (CHCl3) were calcuated
by means of self-consistent reaction fields (SCRF) with
integral equation formalism of Tomasi�s polarized continuum
model (IEF-PCM)[36] by using the B3LYP/LanL2DZ-ECP (P,
Pd), 3-21G* (C,H,N,O) method.


The optimized geometries of the complexes 6xss and 7xss
closely correspond to those of the crystal structures. The
superposition of the calculated and crystal structures (Fig-
ure 13) illustrates that the repulsive interaction between the
substituent on the dihydrooxazole and palladium and also the
flexibility of the phenyl groups is adequately described by the
theoretical models.


Figure 13. Comparison of structures obtained by X-ray structure analysis
and ab initio calculations; 6xss : calculated (red), X-ray (orange); 7xss :
calculated (green), X-ray (blue).


The values of bond lengths and angles of the coordination
plane of the calculated structures (Table 8) are also closely
related to the values from the crystal structures, except for the
lengths of the bonds to palladium.[37] It is gratifying that the


small difference in the lengths of the C1aÿC2a and C2aÿC3a


bonds are reproduced by the calculations.
The calculated energies are summarized in Table 9. For


complex 6 the calculated order of energies of the isomers
corresponds to the order of solution populations determined
by NMR spectroscopy. This is not the case for isomers nss, xsa,
and nas of complex 7; however, their experimentally deter-
mined populations are almost equal, and their calculated
energies differ by at most 0.13 kcal molÿ1. High relative
energies were calculated for isomers xaa and naa of com-
plexes 6 and 7, which corresponds to the fact that these species
are not observed experimentally.


The isopropyl side chain of the dihydrooxazole ring has a
preferred conformation (see Figure 10) in which the CÿH
vector points towards Pd in crystal structures and in solution.
For comparison with the experimental findings, energies of
some of the conformers were calculated (Table 10). The
calculations show that conformers ap(iPr) and � sc(iPr) of
isomers 6xss and 6nss, which were neither found in crystals
nor in solution, are energetically disfavored compared to the
ÿ sc(iPr) conformer. For the conformers � sc(iPr) of isomers
6xss and 6nss, the energy difference is 1.3 kcal molÿ1, which is
nearly equal to the energy difference found for isomers 7xss
and 7nss with a tert-butyl substituent in the dihydrooxazole
ring.


These results demonstrate that the computational methods
used for the geometry optimizations and single-point energies
produce realistic isomer distributions of the (h3-allyl)palla-


Table 8. Comparison of the bond lengths [�] and bond angles [8] of the
X-ray structures of complexes 6 and 7 with those obtained from ab initio
calculations.[a]


6 (R1� iPr, R�Me) 7 (R1� tBu, R�Me)
X-ray ab initio X-ray ab initio


PdÿN 2.123(3) 2.165 2.120(2) 2.175
PdÿP 2.266(1) 2.448 2.276(1) 2.447
PdÿC1a 2.136(3) 2.163 2.127(2) 2.152
PdÿC2a 2.164(3) 2.275 2.160(2) 2.277
PdÿC3a 2.264(3) 2.343 2.277(2) 2.360
C1aÿC2a 1.409(5) 1.420 1.399(4) 1.424
C2aÿC3a 1.381(5) 1.377 1.366(4) 1.374
N-Pd-P 87.76(8) 85.93 87.11(5) 85.3
C1a-Pd-C3a 67.6(1) 64.79 67.1(1) 64.66
C1a-C2a-C3a 122.8(4) 119.7 123.5(3) 119.7


[a] RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,N,O).


Table 9. Total ([a. u.]) and relative energies ([kcal molÿ1]) for computed complexes 6 and 7.


6 7
DFT[a] DFT-solvent (CHCl3)[b] DFT[a] DFT-solvent (CHCl3)[b]


Isomer Etot (Erel) Etot (Erel) NMR [%] Etot (Erel) Etot (Erel) NMR [%]


xss ÿ 1371.82699 (0.00) ÿ 1381.20972 (0.00) 69.8 ÿ 1410.64602 (0.00) ÿ 1420.31068 (0.00) 75.4
nss ÿ 1371.82511 (�1.18) ÿ 1381.20884 (�0.55) 18 ÿ 1410.64391 (�1.32) ÿ 1420.30959 (�0.68) 8.3
xsa ÿ 1371.82505 (�1.22) ÿ 1381.20864 (�0.68) 7.8 ÿ 1410.64377 (�1.41) ÿ 1420.30890 (�1.12) 10.2
nas ÿ 1371.82460 (�1.50) ÿ 1381.20732 (�1.51) 4 ÿ 1410.64398 (�1.28) ÿ 1420.30868 (�1.26) 6
xas ÿ 1371.82343 (�2.23) ÿ 1381.20758 (�1.35) 0.2� 0.1 ÿ 1410.64163 (�2.75) ÿ 1420.30679 (�2.44) ±
nsa ÿ 1371.82161 (�3.38) ÿ 1381.20563 (�2.57) 0.2� 0.1 ÿ 1410.63818 (�4.92) ÿ 1420.30679 (�4.34) ±
xaa ÿ 1371.81533 (�7.32) ÿ 1381.19802 (�7.34) ± ÿ 1410.63355 (�7.82) ÿ 1420.30070 (�6.26) ±
naa ÿ 1371.81503 (�7.51) ÿ 1381.19904 (�6.70) ± ÿ 1410.63259 (�8.43) ÿ 1420.29893 (�7.37) ±


[a] Method and basis set: B3LYP/LanL2DZ//RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,O,N). [b] Method and basis set: IEF-PCM-B3LYP/LanL2DZ-
(P,Pd),3 ± 21G*(C,H,N,O)//RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,O,N).







(h3-1,3-Dialkylallyl)(phosphanyloxazoline)palladium Complexes 4913 ± 4927
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dium complexes. This is all the more remarkable given that
counterion and solvent are neglected in the geometry
optimizations.


Conclusion


Rationalization of the structures and isomer populations of
(h3-allyl)Pd complexes is important for the development of
effective chiral ligands for asymmetric Pd-catalyzed allylic
substitutions. The present study on simple (1,3-dialkylallyl)Pd
complexes has yielded precise data on crystal and solution
structures and isomer populations. It is gratifying that
quantum-chemical calculations allow these data to be repro-
duced at a level useful for the design of new chiral ligands.
Work in progress is directed at extending these combined
X-ray, NMR, and theoretical investigations to aryl-substituted
and cyclic systems.


The following points are of particular relevance with regard
to asymmetric allylic substitutions: 1) The structure of the
(PHOX)Pd fragment is fairly rigid and independent of the
allyl group. 2) In contrast, the allyl group is rather flexible
with regard to torsion and tilt relative to the coordination
plane. As the structural change of the allylic moiety along the
reaction path relative to the (PHOX)Pd fragment is relatively
small, extrapolation from starting allyl complex to the
transition state, even if this is rather late on the reaction
coordinate and resembles the final olefin complex, appears
straightforward. 3) Considerable amounts of anti,syn isomers
of the (h3-allyl)Pd complexes are found in solution. However,
in allylic substitutions with malonates, trans-olefins are almost
exclusively formed.[38] This means, as was previously pointed
out,[39] that reactions at allylic syn sites of anti,syn isomers are
slow. Taking this into account, that is, if attack at the allylic
terminal trans to phosphorus at syn sites is taken as dominant,
we find that ratios of enantiomeric reaction products[9] largely
parallel the ratios of xss and nss isomers.


Experimental Section


The complexes were prepared under dry argon by using standard Schlenk
techniques, and ligands were synthesized as described in the literature.[11a]


Melting points were determined in open glass capillaries and are not
corrected. Optical rotations were measured on a Perkin Elmer 241 MC
polarimeter. 1H, 13C and 31P NMR spectra were recorded at room
temperature on Bruker AMX 300 or DRX 500 instruments. 1H NMR
chemical shifts are relative to residual undeuterated solvent in CDCl3 (d�
7.26), the 13C NMR shifts are referenced to the solvent CDCl3 (d� 77.0),


and the 31P NMR shifts are relative to 85% H3PO4 (d� 0.00). NOESY
spectra were recorded with mixing times of 100, 200, 300, and 600 ms;
TOCSY spectra were recorded with a mixing time of 60 ms.


Crystals suitable for X-ray diffraction were obtained by the diffusion
method. The crude product was dissolved in 2 ± 3 mL of CH2Cl2, and the
solution transferred to a test tube, which was placed into a wide-necked
bottle containing a 1-cm layer of diethyl ether. The tightly sealed bottle was
than stored at ÿ4 8C. Crystals usually appeared after a few days. Crystallo-
graphic data were collected on a three-circle diffractometer (Bruker Smart
CCD) with a CCD detector. Intensities were corrected for Lorentzian and
polarization effects. An empirical absorption correction was applied by
using the SADABS program[40] based on the Laue symmetry of the
reciprocal space. The structures were solved by direct methods and refined
against F 2 with a full-matrix least-squares algorithm with the SHELXTL-
PLUS (5.03) software package.[41]


General procedure for preparation of (h3-1,3-dialkylallyl)(PHOX)Pd
complexes: A solution of silver perchlorate (0.513 mmol) in methanol
(2 mL) was added to a solution of the PHOX ligand (0.525 mmol) and [{(h3-
1,3-dialkylallyl)PdCl}2] (0.250 mmol) in CH2Cl2 (5 mL). After stirring for
1 h in the dark, the solution was filtered through Celite, the residue washed
with CH2Cl2, and the filtrate concentrated in vacuo. Single crystals suitable
for X-ray measurement were grown by dissolving the residue in CH2Cl2 and
allowing diethyl ether to slowly diffuse into this solution at ÿ4 8C.


(h3-1,3-Dimethylallyl)palladium(ii) chloride dimer (3): A suspension of
palladium chloride (1.24 g, 6.99 mmol) and lithium chloride (1.19 g,
28.1 mmol) in water (6 mL) was heated until dissolution was complete.
Then ethanol (12 mL) and a solution of 3-pentene-2-ol (1.31 g, 15.24 mmol)
in THF (12 mL) and concentrated aqueous HCl (2.5 mL) were added in
succession. The reaction mixture was stirred under an atmosphere of
carbon monoxide, and the yellow product started to precipitate. The
reaction was complete when black palladium was formed (usually within
12 h), and the mixture was then poured into water (200 mL). The resulting
solution was extracted three times with chloroform, the organic layers were
combined, and the solvent was removed under reduced pressure. The
residue was dissolved in a small amount of toluene, and the solvent
removed again under reduced pressure. After repeating this procedure
twice, the residue was extracted with CH2Cl2 in a Soxhlet apparatus. The
solvent was removed under reduced pressure, and the remaining yellow
solid was crystallized from CH2Cl2 to yield 1.48 g (99 %) of yellow crystals
which decomposed without melting at about 160 8C. 1H NMR
(300.13 MHz, CDCl3): d� 1.27 (d, 3J(2-H,3-H)� 6.5 Hz, 6H; 3-H), 3.69
(dq, 3J(2-H,3-H)� 6.3, 3J(1-H,3-H)� 10.9 Hz, 2H; 2-H), 5.17 (t, 3J(1-H,2-
H)� 10.9 Hz, 1 H; 1-H); 13C NMR (75.47 MHz, CDCl3): d� 17.71 (C3),
76.50 (C2), 112.96 (C1).


(h3-1,3-Diethylallyl)palladium(ii) chloride dimer (4): This compound was
prepared in analogy to complex 3 from 4-heptene-3-ol (1.77 g, 15.5 mmol)
in 99% yield; yellow crystals. M.p. 166ÿ 168 8C; 1H NMR (300.13 MHz,
CDCl3): d� 1.11 (t, 3J(3-H,4-H)� 7.5 Hz, 6H; 4-H), 1.64 (dq, 3J(2-H,3-
H)� 6.8 Hz, 3J(3-H,4-H)� 6.8 Hz, 4H; 3-H), 3.71 (dt, 3J(2-H,3-H)�
5.9 Hz, 3J(1-H,2-H)� 11.0 Hz, 2 H; 2-H), 5.16 (t, 3J(1-H,2-H)� 11.0 Hz,
1H; 1-H); 13C NMR (75.47 MHz, CDCl3): d� 12.91 (C4), 25.06 (C3), 83.67
(C2), 108.11 (C1); elemental analysis (%) calcd for C14H26Cl2Pd2 (478.1): C
35.17, H 5.48, Cl 14.83; found: C 35.38, H 5.63, Cl 14.65.


(h3-1,3-Dimethylallyl){(4S)-2-[2-(diphenylphosphanyl)phenyl]-4,5-dihy-
dro-4-methyl-oxazole}palladium(ii) perchlorate (5): This compound was
prepared according to the general procedure from 3 (116.2 mg,
0.275 mmol), L1 (200.6 mg, 0.581 mmol), and AgClO4 (122.4 mg,
0.590 mmol). Yield of 5 : 282.1 mg (83 %). M.p. 230 ± 232 8C; [a]24


D �
�258.2 (c� 1.09, CHCl3).


xss (70.4 %): 1H NMR (500.13 MHz, CDCl3): d� 0.93 (dd, 3J(1a-H,5a-H)�
6.3, 4J(5a-H,P)� 9.9 Hz, 3H; 5a-H), 1.03 (d, 3J(4-H,1s-H)� 6.3 Hz, 3H;
1-Hs), 1.92 (dd, 3J(3a-H,4a-H)� 6.2, 4J(4a-H,P)� 10.3 Hz, 3 H; 4a-H), 3.37
(dq, 3J(1a-H,5a-H)� 5.9, 3J(1a-H,2a-H)� 11.8 Hz, 1H; 1a-H), 4.05 (dd, 3J(4-
H,5-HRe)� 6.5, 3J(5-HRe,5-HSi)� 8.1 Hz, 1 H; 5-HRe), 4.63 (m, 1H; 4-H),
4.70 (m, 1 H; 3a-H), 4.83 (dd, 3J(5-HRe,5-HSi)� 9.2, 3J(4-H,5-HSi)� 9.2 Hz,
1H; 5-HSi), 5.61 (dd, 3J(1a-H,2a-H)� 12.0, 3J(2a-H,3a-H)� 12.0 Hz, 1H; 2a-
H), 7.10 (m, 1 H; 8-H), 7.29 (m, 2H; 2Re-H), 7.30 (m, 2H; 2Si-H), 7.47 (m,
2H; 3Re-H), 7.52 (m, 2H; 3Si-H), 7.54 (m, 1H; 4Re-H), 7.55 (m, 1 H; 9-H), 7.55
(m, 1H; 4Si-H), 7.63 (m, 1 H; 10-H), 8.10 (dd, 4J(P,11-H)� 4.0, 3J(10-H,11-
H)� 7.3 Hz, 1H; 11-H); 13C NMR (125.76 MHz, CDCl3): d� 16.43 (C5a),


Table 10. Total ([a. u.]) and relative energies ([kcal molÿ1])[a] of the three
isopropyl conformers of isomers 6xss and 6nss (cf. Figure 9).


Conformer Etot (Erel)
6xss 6nss


ÿ sc(iPr) ÿ 1371.82699 (0.00) ÿ 1371.82511 (�1.18)
ap(iPr) ÿ 1371.82544 (�0.97) ÿ 1371.82343 (�2.23)
� sc(iPr) ÿ 1371.82467 (�1.46) ÿ 1371.82259 (�2.76)


[a] Method and basis set: B3LYP//RHF/LanL2DZ�ECP(P,Pd),3 ±
21G(C,H,O,N).
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18.17 (C4a), 21.99 (C1s), 62.18 (C4), 67.33 (C1a), 74.24 (C5), 98.16 (C3a),
121.67 (C2a), 127.54 (C1Si), 127.88 (C1Re), 129.60 (C6), 129.76 (C3Si), 129.81
(C7), 129.97 (C3Re), 131.92 (C4Si), 132.12 (C10), 132.47 (C4Re), 132.98
(C11), 133.22 (C9), 133.35 (C2Si), 134.04 (C8), 134.51 (C2Re), 164.58 (C2);
31P NMR (202.46 MHz, CDCl3): d� 23.40.


nss (20.6 %): 1H NMR (500.13 MHz, CDCl3): d� 0.76 (dd, 3J(1a-H,5a-H)�
7.2, 3J(5a-H,P)� 7.2 Hz, 3H; 5a-H), 1.20 (d, 3J(4-H,1s-H)� 7.0 Hz, 3H; 1s-
H), 1.82 (dd, 3J(3a-H,4a-H)� 5.8, 3J(4a-H,P)� 10.1 Hz, 3H; 4a-H), 3.84 (m,
1H; 1a-H), 4.20 (dd, 3J(4-H,5-HRe)� 5.2, 3J(5-HRe,5-HSi)� 8.7 Hz, 1H;
5-HRe), 4.54 (m, 1H; 3a-H), 4.64 (m, 1H; 4-H), 4.75 (dd, 3J(4-H,5-HSi)� 8.8,
3J(5-HSi,5-HRe)� 8.8 Hz, 1 H; 5-HSi), 5.36 (dd, 3J(1a-H,2a-H)� 11.8, 3J(2a-
H,3a-H)� 11.8 Hz, 1 H; 2a-H), 8.12 (m, 1H; 11-H); 13C NMR (125.76 MHz,
CDCl3): d� 17.05 (C5a), 17.72 (C4a), 22.39 (C1s), 63.52 (C4), 68.09 (C1a),
74.35 (C5), 89.98 (C3a), 121.04 (C2a); 31P NMR (202.46 MHz, CDCl3): d�
23.37.


xsa (7.5%): 1H NMR (500.13 MHz, CDCl3): d� 1.07 (dd, 3J(1a-H,5a-H)�
6.3, 3J(5a-H,P)� 9.2 Hz, 3 H; 5a-H), 1.13 (d, 3J(4-H,1s-H)� 6.5 Hz, 3H; 1s-
H), 1.39 (dd, 3J(3a-H,4a-H)� 6.6, 3J(4a-H,P)� 6.6 Hz, 3 H; 4a-H), 3.8 (m,
1H; 1a-H), 4.11 (dd, 3J(4-H,5-HRe)� 6.4, 3J(5-HRe,5-HSi)� 8.9 Hz, 1H;
5-HRe), 4.68 (m, 1H; 4-H), 4.85 (dd, 3J(4-H,5-HSi)� 9.5, 3J(5-HSi,5-HRe)�
9.5 Hz, 1H; 5-HSi), 5.63 (m, 1 H; 2a-H), 5.71 (ddd, 3J(3a-H,4a-H)� 7.0, 3J(2a-
H,3a-H)� 7.0, 3J3a,P� 7.0 Hz, 1 H; 3a-H), 8.16 (ddd, 4J(9-H,11-H)� 1.2,
4J(P,11-H)� 4.2, 3J(10-H,11-H)� 7.8 Hz, 1H; 11-H); 13C NMR
(125.76 MHz, CDCl3): d� 15.99 (C4a), 16.97 (C5a), 22.39 (C1s), 66.76
(C4), 72.01 (C1a), 74.24 (C5), 94.57 (C3a), 117.09 (C2a); 31P NMR
(202.46 MHz, CDCl3): d� 23.00.


nas (<2%): 1H NMR (500.13 MHz, CDCl3): d� 1.17 (m, 3 H; 5a-H), 1.24
(m, 1H; 1s-H), 1.93 (m, 3H; 4a-H), 3.96 (m, 1H; 1a-H), 4.26 (dd, 3J(4-H,5-
HRe)� 4.4, 3J(5-HRe,5-HSi)� 8.7 Hz, 1 H; 5-HRe), 4.62 (m, 1H; 4-H), 4.82
(m, 1 H; 5-HSi), 4.91 (m, 1 H; 3a-H), 5.51 (m, 1H; 2a-H); 13C NMR
(125.76 MHz, CDCl3): d� 15.99 (C5a), 17.94 (C4a), 63.13 (C4), 70.63 (C1a),
74.51 (C5), 91.45 (C3a), 117.38 (C2a); 31P NMR (202.46 MHz, CDCl3): d�
19.06.


Elemental analysis (%) calcd for C27H29ClNO5PPd (620.38): C 52.27, H
4.71, N 2.26, P 4.99, Cl 5.71; found: C 52.20, H 4.90, N 2.15, P 5.23, Cl 6.07.


(h3-1,3-Dimethylallyl){(4S)-2-[2-(diphenylphosphanyl)phenyl]-4,5-dihy-
dro-4-(2-propyl)-oxazole}palladium(ii) perchlorate (6): This compound was
prepared according to the general procedure from 3 (108.3 mg,
0.257 mmol), L2 (202.2 mg, 0.541 mmol), and AgClO4 (115.6 mg,
0.558 mmol). Yield of 6 : 281.7 mg (85 %), yellow crystals. M.p. 211 ±
214 8C; [a]24


D ��306.3 (c� 1.00, CHCl3).


xss (69.8 %): 1H NMR (500.13 MHz, CDCl3): d� 0.10 (d, 3J(1s-H,2s-H)�
6.6 Hz, 3 H; 2s-H), 0.79 (d, 3J(1s-H,3s-H)� 6.9 Hz, 3H; 3s-H), 0.92 (dd, 3J(1a-
H,5a-H)� 6.1, 4J(5a-H,P)� 10.2 Hz, 3H; 5a-H), 1.85 (dqq, 3J(4-H,1s-H)�
3.1, 3J(1s-H,2s-H)� 6.9, 3J(1s-H,3s-H)� 6.9 Hz, 1H; 1s-H), 1.90 (dd, 3J(3a-
H,4a-H)� 6.1, 4J(4a-H,P)� 9.3 Hz, 3 H; 4a-H), 3.32 (dq, 3J(1a-H,5a-H)� 6.1,
3J(1a-H,2a-H)� 11.2 Hz, 1 H; 1a-H), 4.29 (dd, 3J(4-H,5-HRe)� 5.2, 3J(5-
HRe,5-HSi)� 9.0 Hz, 1H; 5-HRe), 4.51 (ddd, 3J(1s-H,4-H)� 3.2, 3J(4-H,5-
HRe)� 5.2, 3J(4-H,5-HSi)� 10.4 Hz, 1H; 4-H), 4.67 (dd, 3J(5-HRe,5-HSi)�
9.3, 3J(4-H,5-HSi)� 10.1 Hz, 1 H; 5-HSi), 4.78 (m, 1 H; 3a-H), 5.60 (dd, 3J(1a-
H,2a-H)� 10.9, 3J(2a-H,3a-H)� 13.0 Hz, 1 H; 2a-H), 7.08 (m, 1H; 8-H), 7.22
(m, 2H; 2Re-H), 7.27 (m, 2 H; 2Si-H), 7.46 (m, 2 H; 3Re-H), 7.49 (m, 2H; 3Si-
H), 7.52 (m, 1H; 4Re-H), 7.54 (m, 2 H; 9-H, 4Si-H), 7.65 (m, 1 H; 10-H), 8.19
(ddd, 4J(9-H,11-H)� 1.1, 4J(P,11-H)� 4.3, 3J(10-H,11-H)� 7.8 Hz, 1 H; 11-
H); 13C NMR (125.76 MHz, CDCl3): d� 13.27 (C2s), 16.51 (C5a), 18.18
(C3s), 18.33 (C4a), 31.38 (C1s), 67.31 (C1a), 68.18 (C5), 71.28 (C4), 98.86
(C3a), 121.65 (C2a), 127.44 (C1Re), 128.04 (C1Si), 128.89 (C7), 129.01 (C6),
129.22 (C3Si), 129.55 (C3Re), 131.34 (C4Si), 131.77 (C10), 131.93 (C4Re),
132.76 (C9, C2Si), 133.07 (C11), 133.72 (C2Re) 134.52 (C8), 164.19 (C2); 31P
NMR (202.46 MHz, CDCl3): d� 21.70.


nss (18 %): 1H NMR (500.13 MHz, CDCl3): d� 0.18 (d, 3J(1s-H,2s-H)�
6.6 Hz, 3 H; 2s-H), 0.70 (dd, 3J(1a-H,5a-H)� 6.5, 3J(5a-H,P)� 8.8 Hz, 3H;
5a-H), 0.87 (d, 3J(1s-H,3s-H)� 6.6 Hz, 3 H; 3s-H), 1.80 (dd, 3J(3a-H,4a-H)�
6.0, 3J(4a-H,P)� 10.9 Hz, 3H; 4a-H), 2.12 (dqq, 3J(4-H,1s-H)� 2.9, 3J(1s-
H,2s-H)� 6.9, 3J(1s-H,3s-H)� 6.9 Hz, 1H; 1s-H), 3.87 (m, 1H; 1a-H), 4.40
(m, 1H; 5-HRe), 4.42 (m, 1H; 3a-H), 4.48 (m, 1 H; 4-H), 4.60 (dd, 3J(4-H,5-
HSi)� 9.4, 3J(5-HSi,5-HRe)� 9.4 Hz, 1 H; 5-HSi), 5.35 (dd, 3J(1a-H,2a-H)�
12.1, 3J(2a-H,3a-H)� 12.1 Hz, 1 H; 2a-H), 7.08 (m, 2 H; 2Si-H), 7.18 (m, 1H;
8-H), 7.40 (m, 2 H; 2Re-H), 7.46 (m, 2H; 3Si-H), 7.48 (m, 2 H; 3Re-H), 7.55 (m,
2H; 4Re-H, 4Si-H), 7.57 (m, 1H; 9-H), 7.77 (m, 1H; 10-H), 8.18 (m, 1 H; 11-


H); 13C NMR (125.76 MHz, CDCl3): d� 13.90 (C2s), 16.87 (C5a), 17.65
(C4a), 18.45 (C3s), 31.76 (C1s), 68.28 (C5), 72.02 (C1a), 72.76 (C4), 89.73
(C3a), 120.89 (C2a), 135.07 (C8) 164.33 (C2); 31P NMR (202.46 MHz,
CDCl3): d� 22.66.


xsa (7.8%): 1H NMR (500.13 MHz, CDCl3): d� 0.19 (d, 3J(1s-H,2s-H)�
7.0 Hz, 3H; 2s-H), 0.78 (m, 3 H; 3s-H), 1.09 (dd, 3J(1a-H,5a-H)� 6.0, 3J(5a-
H,P)� 9.3 Hz, 3 H; 5a-H), 1.42 (dd, 3J(3a-H,4a-H)� 6.2, 3J(4a-H,P)� 6.2 Hz,
3H; 4a-H), 1.95 (m, 1H; 1s-H), 3.82 (m, 1 H; 1a-H), 4.32, dd, 3J(4-H,5-
HRe)� 5.5, 3J(5-HRe,5-HSi)� 9.2 Hz, 1 H; 5-HRe), 4.55 (ddd, 3J(4-H,1s-H)�
3.4, 3J(4-H,5-HRe)� 5.5, 3J(4-H,5-HSi)� 9.3 Hz, 1H; 4-H), 4.73 (m, 1H;
5-HSi), 5.60 (m, 2H; 2a-H, 3a-H), 7.12 (m, 1H; 8-H), 7.17 (m, 2H; 2Re-H),
7.30 (m, 2H; 2Si-H), 7.42 ± 7.53 (m, 3 H; 3Re-H, 4Re-H), 7.48 ± 7.59 (m, 3 H; 3Si-
H, 4Si-H), 7.60 (m, 1 H; 9-H), 7.68 (m, 1H; 10-H), 8.24 (ddd, 4J(9-H,11-H)�
1.2, 4J(P,11-H)� 4.3, 3J(10-H,11-H)� 7.8 Hz, 1 H; 11-H); 13C NMR
(125.76 MHz, CDCl3): d� 13.37 (C2s), 16.00 (C4a), 16.99 (C5a), 17.33
(C3s), 31.75 (C1s), 68.21 (C1a), 68.70 (C5), 76.12 (C4), 94.87 (C3a), 117.30
(C2a), 164.32 (C2); 31P NMR (202.46 MHz, CDCl3): d� 21.84.


nas (4%): 1H NMR (500.13 MHz, CDCl3): d� 0.42 (d, 3J(1s-H,2s-H)�
7.0 Hz, 3H; 2s-H), 0.83 (d, 3J(1s-H,3s-H)� 7.0 Hz, 3H; 3s-H), 1.20 (dd,
3J(1a-H,5a-H)� 7.0, 3J(5a-H,P)� 7.0 Hz, 3H; 5a-H), 1.92 (m, 3H; 4a-H), 2.00
(m, 1H; 1s-H), 3.87 (m, 1H; 1a-H), 4.39 (m, 1H; 5-HRe), 4.44 (m, 1 H; 4-H),
4.66 (dd, 3J(4-H,5-HSi)� 9.4, 3J(5-HSi,5-HRe)� 9.4 Hz, 1 H; 5-HSi), 4.82 (m,
1H; 3a-H), 5.58 (m, 1H; 2a-H), 7.02 (m, 1H; 8-H), 7.25 (m, 2 H; 2Si-H), 7.31
(m, 2 H; 2Re-H), 7.45 ± 7.55 (m, 3H; 3Si-H, 4Si-H), 7.48 ± 7.59 (m, 3H; 3Re-H,
4Re-H), 7.55 (m, 1H; 9-H), 7.64 (m, 1 H; 10-H), 8.17 (m, 1 H; 11-H);
13C NMR (125.76 MHz, CDCl3): d� 14.77 (C2s), 16.29 (C5a), 17.77 (C4a),
18.02 (C3s), 32.08 (C1s), 69.15 (C5), 71.09 (C1a), 72.54 (C4), 91.94 (C3a),
117.44 (C2a), 134.10 (C8); 31P NMR (202.46 MHz, CDCl3): d� 17.38.


xas (0.2� 0.1%): 1H NMR (500.13 MHz, CDCl3): d� 0.72 (m, 3 H; 5a-H),
1.97 (m, 3 H; 4a-H), 3.87 (m, 1H; 1a-H), 5.08 (m, 1H; 3a-H), 5.59 (m, 1 H; 2a-
H); 31P NMR (202.46 MHz, CDCl3): d� 20.41.


nsa (0.2� 0.1 %): 1H NMR (500.13 MHz, CDCl3): d� 0.81 (m, 3 H; 5a-H),
1.43 (m, 1 H; 4a-H), 3.99 (m, 1H; 1a-H), 5.49 (m, 1H; 3a-H), 5.63 (m, 1 H; 2a-
H); 31P NMR (202.46 MHz, CDCl3): d� 23.37.


Eemental analysis (%) calcd for C29H33ClNO5PPd (648.43): C 53.72, H 5.13,
N 2.16, P 4.78, Cl 5.47; found: C 53.74, H 5.34, N 2.00, P 4.93, Cl 5.51.


(h3-1,3-Dimethylallyl){(4S)-2-[2-(diphenylphosphanyl)phenyl]-4,5-dihy-
dro-4-tert-butyl-oxazole}palladium(ii) perchlorate (7): This compound was
prepared according to the general procedure from 3 (102.9 mg,
0.244 mmol), L3 (200.5 mg, 0.517 mmol), and AgClO4 (107.6 mg,
0.519 mmol). Yield of 7: 274.8 mg (85 %), yellow crystals. M.p. 219 ±
220 8C; [a]23


D ��382.8 (c� 1.03, CHCl3).


xss (75.4 %): 1H NMR (500.13 MHz, CDCl3): d� 0.59 (s, 9 H; 2s-H), 0.93
(dd, 3J(1a-H,5a-H)� 6.4, 4J(5a-H,P)� 9.4 Hz, 3H; 5a-H), 1.90 (dd, 3J(3a-
H,4a-H)� 6.3, 4J(4a-H,P)� 10.2 Hz, 3 H; 4a-H), 3.29 (dq, 3J(1a-H,5a-H)�
6.2, 3J(1a-H,2a-H)� 10.4 Hz, 1H; 1a-H), 4.14 (dd, 3J(4-H,5-HRe)� 4.0, 3J(4-
H,5-HSi)� 9.8 Hz, 1 H; 4-H), 4.45 (dd, 3J(4-H,5-HRe)� 4.0, 2J(5-HRe,5-
HSi)� 9.4 Hz, 1 H; 5-HRe), 4.71 (dd, 3J(4-H,5-HSi)� 9.7, 2J(5-HRe,5-HSi)�
9.7 Hz, 1 H; 5-HSi), 4.95 (ddq, 3J(3a-H,4a-H)� 6.5, 3J(P,3a-H)� 8.8, 3J(2a-
H,3a-H)� 13.0 Hz, 1H; 3a-H), 5.36 (dd, 3J(1a-H,2a-H)� 10.4, 3J(2a-H,3a-
H)� 13.8 Hz, 1 H; 2a-H), 7.06 (ddd, 4J(8-H,10-H)� 1.1, 3J(8-H,9-H)� 7.8,
3J(P,8-H)� 10.1 Hz, 1H; 8-H), 7.17 (m, 2H; 2Re-H), 7.26 (m, 2 H; 2Si-H), 7.46
(m, 2H; 3Re-H), 7.50 (m, 2 H; 3Si-H), 7.53 (m, 1 H; 4Re-H), 7.54 (m, 1H; 9-H),
7.55 (m, 1 H; 4Si-H), 7.68 (dddd, 5J(P,10-H)� 1.3, 4J(8-H,10-H)� 1.3, 3J(9-
H,10-H)� 7.7, 3J(10-H,11-H)� 7.7 Hz, 1H; 10-H), 8.28 (ddd, 4J(9-H,11-
H)� 1.0, 4J(P,11-H)� 4.5, 3J(10-H,11-H)� 7.9 Hz, 1H; 11-H); 13C NMR
(125.76 MHz, CDCl3): d� 16.80 (C5a), 19.09 (C4a), 24.49 (C2s), 33.75 (C1s),
65.33 (C1a), 69.48 (C5), 74.72 (C4), 101.53 (C3a), 121.42 (C2a), 127.90 (C1Re),
128.28 (C1Si), 128.37 (C7), 129.19 (C3Si), 129.33 (C6), 129.39 (C3Re), 131.29
(C4Si), 131.81 (C4Re), 131.87 (C10), 132.77 (C2Si), 132.93 (C9), 133.38 (C2Re),
133.64 (C11), 134.76 (C8), 164.91 (C2); 31P NMR (202.46 MHz, CDCl3):
d� 22.51.


nss (8.3 %): 1H NMR (500.13 MHz, CDCl3): d� 0.67 (s, 9H; 2s-H), 0.75 (dd,
3J(1a-H,5a-H)� 6.5, 3J(5a-H,P)� 8.5 Hz, 3H; 5a-H), 1.78 (dd, 3J(3a-H,4a-
H)� 6.2, 3J(4a-H,P)� 10.1 Hz, 3 H; 4a-H), 3.87 (dq, 3J(1a-H,5a-H)� 6.1,
3J(1a-H,2a-H)� 12.1 Hz, 1 H; 1a-H), 4.15 (m, 1H; 4-H), 4.19 (m, 1H; 2a-H),
4.59 (m, 1H; 5-HRe), 4.61 (m, 1 H; 5-HSi), 5.40 (m, 1 H; 3a-H), 7.07 (m, 2H;
2Si-H), 7.14 (m, 1H; 8-H), 7.34 (m, 2 H; 2Re-H), 7.45 (m, 2H; 3Si-H), 7.51 ±
7.59 (m, 4H; 3Re-H, 4Re-H, 4Si-H), 7.55 (m, 1H; 9-H), 7.69 (m, 1 H; 10-H),
8.28 (m, 1H; 11-H); 13C NMR (125.76 MHz, CDCl3): d� 17.14 (C4a), 17.20
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(C5a), 25.00 (C2s), 34.35 (C1s), 69.59 (C5), 72.71 (C1a), 77.17 (C4), 89.57
(C3a), 120.47 (C2a), 135.67 (C8); 31P NMR (202.46 MHz, CDCl3): d� 23.33.


xsa (10.2 %): 1H NMR (500.13 MHz, CDCl3): d� 0.61 (s, 9H; 2s-H), 1.08
(dd, 3J(1a-H,5a-H)� 6.3, 3J(5a-H,P)� 8.7 Hz, 3H; 5a-H), 1.43 (dd, 3J(3a-
H,4a-H)� 6.5, 3J(4a-H,P)� 6.5 Hz, 3H; 4a-H), 3.82 (dq, 3J(1a-H,5a-H)� 6.1,
3J(1a-H,2a-H)� 12.3 Hz, 1H; 1a-H), 4.36 (dd, 3J(4-H,5-HRe)� 4.4, 3J(4-H,5-
HSi)� 9.9 Hz, 1H; 4-H), 4.49 (dd, 3J(4-H,5-HRe)� 4.5, 3J(5-HRe,5-HSi)�
9.6 Hz, 1 H; 5-HRe), 4.77 (dd, 3J(4-H,5-HSi)� 9.8, 3J(5-HRe,5-HSi)� 9.8 Hz,
1H; 5-HSi), 5.41 (m, 1 H; 2a-H), 5.74 (ddq, 3J(3a-H,4a-H)� 7.1, 3J(3a-H,P)�
7.1, 3J(2a-H,3a-H)� 7.1 Hz, 1H; 3a-H), 7.04 (m, 1H; 8-H), 7.14 (m, 2H; 2Re-
H), 7.28 (m, 2 H; 2Si-H), 7.44 (m, 2 H; 3Re-H), 7.54 (m, 1H; 4Re-H), 7.50 ± 7.60
(m, 3H; 3Si-H, 4Si-H), 7.60 (m, 1H; 9-H), 7.71 (dddd, 5J(P,10-H)� 1.3, 4J(8-
H,10-H)� 1.3, 3J(9-H,10-H)� 7.8, 3J(10-H,11-H)� 7.8 Hz, 1H; 10-H), 8.31
(ddd, 4J9,11� 1.3, 4J(P,11-H)� 4.5, 3J(10-H,11-H)� 7.8 Hz, 1H; 11-H);
13C NMR (125.76 MHz, CDCl3): d� 16.25 (C4a), 17.14 (C5a), 25.04 (C2s),
34.23 (C1s), 66.55 (C1a), 69.63 (C5), 80.77 (C4), 98.07 (C3a), 117.21 (C2a),
134.87 (C8), 164.77 (C2); 31P NMR (202.46 MHz, CDCl3): d� 22.87.


nas (6%): 1H NMR (500.13 MHz, CDCl3): d� 0.70 (s, 9 H; 2s-H), 1.21 (dd,
3J(1a-H,5a-H)� 6.8, 3J(5a-H,P)� 6.8 Hz, 3 H; 5a-H), 1.91 (m, 3H; 4a-H), 3.97
(dq, 3J(1a-H,5a-H)� 7.1, 3J(1a-H,2a-H)� 7.1 Hz, 1 H; 1a-H), 4.15 (m, 1H;
4-H), 4.54 (dd, 3J(4-H,5-HRe)� 4.3, 3J(5-HRe,5-HSi)� 9.6 Hz, 1 H; 5-HRe),
4.65 (m, 1 H; 5-HSi), 4.66 (m, 1H; 3a-H), 5.64 (dd, 3J(1a-H,2a-H)� 7.5, 3J(2a-
H,3a-H)� 13.4 Hz, 1 H; 2a-H), 6.93 (bdd, 3J(8-H,9-H)� 7.7, 3J(P,8-H)�
10 Hz, 1 H; 8-H), 7.17 (m, 2H; 2Re-H), 7.26 (m, 2 H; 2Si-H), 7.50 ± 7.60 (m,
3H; 3Si-H, 4Si-H), 7.52 (m, 2H; 3Re-H), 7.54 (m, 1 H; 9-H), ca. 7.57 (m, 1H;
4Re-H), 7.67 (m, 1H; 10-H), 8.23 (bdd, 4J(P,11-H)� 4.5, 3J(10-H,11-H)�
7.7 Hz, 1 H; 11-H); 13C NMR (125.76 MHz, CDCl3): d� 16.77 (C5a), 17.59
(C4a), 24.83 (C2s), 34.19 (C1s), 69.82 (C5), 72.38 (C1a), 77.50 (C4), 91.87
(C3a), 117.03 (C2a), 134.54 (C8), 164.98 (C2); 31P NMR (202.46 MHz,
CDCl3): d� 18.09.


Elemental analysis (%) calcd for C30H35ClNO5PPd (662.46): C 54.39, H
5.33, N 2.11, P 4.68, Cl 5.35; found: C 54.48, H 5.21, N 2.04, P 4.48, Cl 5.42.


(h3-1,3-Diethylallyl){(4S)-2-[2-(diphenylphosphanyl)phenyl]-4,5-dihydro-
4-(2-propyl)-oxazole}palladium(ii) perchlorate (8): This compound was
prepared according to the general procedure from 4 (133.2 mg,
0.279 mmol), L2 (215.1 mg, 0.576 mmol), and AgClO4 (120.2 mg,
0.580 mmol). Yield of 8 : 334.9 mg (89 %), yellow crystals. M.p. 210 ±
213 8C; [a]24


D ��319.2 (c� 1.03, CHCl3).


xss (68 %): 1H NMR (500.13 MHz, CDCl3): d� 0.09 (d, 3J(1s-H,2s-H)�
6.6 Hz, 3 H; 2s-H), 0.78 (d, 3J(1s-H,3s-H)� 7.0 Hz, 3 H; 3s-H), 0.83 (t, 3J(6a-
H,7a-H)� 7.2 Hz, 3H; 7a-H), 0.94 (m, 1H; 6a-HSi), 1.24 (t, 3J(4a-H,5a-H)�
7.2 Hz, 3 H; 5a-H), 1.38 (m, 1H; 6a-HRe), 1.80 (m, 1 H; 1s-H), 2.14 (m, 1H; 4a-
HRe), 2.37 (m, 1 H; 4a-HSi), 3.32 (dt, 3J(1a-H,6a-H)� 3.2, 3J(1a-H,2a-H)�
9.9 Hz, 1H; 1a-H), 4.29 (dd, 3J(4-H,5-HRe)� 5.3, 3J(5-HRe,5-HSi)� 9.0 Hz,
1H; 5-HRe), 4.44 (ddd, 3J(4-H,1s-H)� 3.2, 3J(4-H,5-HRe)� 5.3, 3J(4-H,5-
HSi)� 10.1 Hz, 1H; 4-H), 4.67 (dd, 3J(5-HRe,5-HSi)� 9.2, 3J(4-H,5-HSi)�
9.9 Hz, 1 H; 5-HSi), 4.88 (m, 1 H; 3a-H), 5.52 (dd, 3J(1a-H,2a-H)� 11.0, 3J(2a-
H,3a-H)� 13.6 Hz, 1 H; 2a-H), 7.09 (m, 1 H; 8-H), 7.24 (m, 2H; 2Re-H), 7.27
(m, 2H; 2Si-H), 7.47 (m, 2H; 3Re-H), 7.50 (m, 2 H; 3Si-H), 7.53 (m, 1 H; 4Re-
H), 7.55 (m, 2H; 9-H, 4Si-H), 7.66 (m, 1H; 10-H), 8.20 (ddd, 4J(9-H,11-H)�
1.1, 4J(P,11-H)� 4.3, 3J(10-H,11-H)� 7.8 Hz, 1H; 11-H); 13C NMR
(125.76 MHz, CDCl3): d� 13.38 (C2s), 14.82 (C5a), 15.57 (C7a), 18.16
(C2s), 24.62 (C6a), 26.14 (C4a), 31.50 (C1s), 68.19 (C5), 71.67 (C4), 74.73
(C1a), 106.63 (C3a), 118.47 (C2a), 127.48 (C1Re), 128.38 (C1Si), 128.97 (C7),
129.12 (C6), 129.17 (C3Si), 129.57 (C3Re), 131.39 (C4Si), 132.03 (C4Re),
132.23 (C10), 132.78 (C2Si), 132.84 (C9), 133.00 (C2Re), 133.14 (C11), 134.50
(C8), 164.19 (C2); 31P NMR (202.46 MHz, CDCl3): d� 22.64.


nss (14 %): 1H NMR (500.13 MHz, CDCl3): d� 0.18 (d, 3J(1s-H,2s-H)�
6.9 Hz, 3 H; 2s-H), 0.83 (m, 4H; 6a-HSi , 7a-H), 0.86 (m, 3 H; 3s-H), 1.04 (m,
1H; 6a-HRe), 1.21 (m, 3H; 5a-H), 2.10 (m, 1 H; 1s-H), 2.13 (m, 1H; 4a-HRe),
2.18 (m, 1H; 4a-HSi), 3.85 (m, 1 H; 1a-H), 4.40 (m, 1H; 5-HRe), 4.42 (m, 1H;
4-H), 4.49 (m, 1 H; 3a-H), 4.60 (m, 1 H; 5-HSi), 5.35 (dd, 3J(1a-H,2a-H)�
11.8, 3J(2a-H,3a-H)� 12.1 Hz, 1 H; 2a-H), 7.09 (m, 2 H; 2Si-H), 7.14 (m, 1H;
8-H), 7.40 (m, 2H; 2Re-H), 7.55 (m, 2 H; 3Re-H), 7.56 (m, 1H; 9-H) 7.66 (m,
1H; 10-H), 8.19 (m, 1 H; 11-H); 13C NMR (125.76 MHz, CDCl3): d� 13.35
(C2s), 14.61 (C5a), 18.49 (C3s), 24.80 (C6a), 25.16 (C4a), 31.83 (C1s), 68.29
(C5), 73.07 (C4), 79.18 (C1a), 97.47 (C3a), 117.35 (C2a), 135.03 (C8), 164.19
(C2); 31P NMR (202.46 MHz, CDCl3): d� 22.87.


xsa (11.7%): 1H NMR (500.13 MHz, CDCl3): d� 0.24 (d, 3J(1s-H,2s-H)�
6.9 Hz, 3H; 2s-H), 0.76 (m, 3 H; 3s-H), 0.87 (m, 3 H; 7a-H), 1.09 (t, 3J(4a-


H,5a-H)� 7.5 Hz, 3H; 5a-H), 1.14 (m, 1 H; 6a-HRe), 1.49 (m, 1H; 6a-HSi),
1.57 (m, 1H; 4a-HRe), 1.79 (m, 1 H; 4a-HSi), 1.92 (m, 1H; 1s-H), 3.78 (m, 1H;
1a-H), 4.34 (dd, 3J(4-H,5-HRe)� 5.6, 3J(5-HRe,5-HSi)� 9.3 Hz, 1H; 5-HRe),
4.50 (m, 1H; 4-H), 4.70 (m, 1H; 5-HSi), 5.53 (m, 1 H; 2a-H), 5.55 (m, 1H; 3a-
H), 7.13 (m, 1 H; 8-H), 7.20 (m, 2H; 2Re-H), 7.28 (m, 2H; 2Si-H), 7.46 (m,
2H; 3Re-H), 7.61 (m, 1 H; 9-H), 7.69 (m, 1 H; 10-H), 8.24 (ddd, 4J(9-H,11-
H)� 1.2, 4J(P,11-H)� 4.3, 3J(10-H,11-H)� 7.8 Hz, 1H; 11-H); 13C NMR
(125.76 MHz, CDCl3): d� 13.86 (C7a), 14.28 (C2s), 14.84 (C5a), 17.66 (C3s),
23.79 (C4a), 24.97 (C6a), 31.88 (C1s), 68.85 (C5), 75.61 (C1a), 76.47 (C4),
102.73 (C3a), 120.94 (C2a), 164.19 (C2); 31P NMR (202.46 MHz, CDCl3):
d� 22.43.


nas (6%): 1H NMR (500.13 MHz, CDCl3): d� 0.41 (d, 3J(1s-H,2s-H)�
6.9 Hz, 3H; 2s-H), 0.82 (m, 6 H; 7a-H, 3s-H), 1.22 (m, 1H; 5a-H), 1.48 (m,
1H; 6a-HSi), 1.60 (m, 1H; 6a-HRe), 1.96 (m, 1 H; 1s-H), 2.24 (m, 1 H; 4a-HRe),
2.28 (m, 1H; 4a-HSi), 3.82 (m, 1 H; 1a-H), 4.38 (m, 1H; 5-HRe), 4.39 (m, 1H;
4-H), 4.66 (m, 1 H; 5-HSi), 4.85 (m, 1 H; 3a-H), 5.52 (m, 1 H; 2a-H), 7.03 (m,
1H; 8-H), 7.24 (m, 2H; 2Si-H), 7.32 (m, 2H; 2Re-H), 7.50 (m, 2H; 3Si-H), 7.55
(m, 1H; 9-H), 7.57 (m, 2H; 3Re-H), 7.65 (m, 1H; 10-H), 8.17 (m, 1H; 11-H);
13C NMR (125.76 MHz, CDCl3): d� 14.84 (C2s), 19.52 (C3s), 24.36 (C6a),
25.11 (C4a), 32.11 (C1s), 69.14 (C5), 72.83 (C4), 78.80 (C1a), 99.44 (C3a),
114.95 (C2a), 164.44 (C2); 31P NMR (202.46 MHz, CDCl3): d� 18.21.


xas (0.2� 0.1%): 1H NMR (500.13 MHz, CDCl3): d� 0.61 (t, 3J(6a-H,7a-
H)� 7.2 Hz, 3H; 7a-H), 0.83 (m, 1H; 6a-HSi), 1.15 (m, 1H; 6a-HRe), 1.24 (m,
3H; 5a-H), 2.20 (m, 1 H; 4a-HRe), 2.42 (m, 1H; 4a-HSi), 3.80 (m, 1 H; 1a-H),
5.06 (m, 1H; 3a-H), 5.50 (m, 1H; 2a-H); 13C NMR (125.76 MHz, CDCl3):
d� 13.22 (C7a), 71.16 (C1a), 103.30 (C3a), 114.34 (C2a); 31P NMR
(202.46 MHz, CDCl3): d� 20.82.


nsa (0.2� 0.1 %): 1H NMR (500.13 MHz, CDCl3): d� 1.01 (m, 6H; 5a-H,
7a-H), 1.53 (m, 1 H; 6a-HSi), 1.72 (m, 1H; 6a-HRe), 2.00 (m, 1H; 4a-HRe), 2.37
(m, 1H; 4a-HSi), 3.34 (m, 1H; 1a-H), 4.75 (m, 1H; 3a-H), 5.52 (m, 1H; 2a-H);
13C NMR (125.76 MHz, CDCl3): d� 67.71 (C1a), 103.67 (C3a), 120.88 (C2a);
31P NMR: d� 22.25.


Elemental analysis (%) calcd for C31H37ClNO5PPd (676.48): C 55.04, H
5.51, N 2.07, P 4.58, Cl 5.24; found: C 54.90, H 5.70, N 2.16, P 4.78, Cl 5.50.


(h3-1,3-Diethylallyl){(4S)-2-[2-(diphenylphosphanyl)phenyl]-4,5-dihydro-
4-tert-butyl-oxazole}palladium(ii) perchlorate (9): This compound was
prepared according to the general procedure from 4 (59.9 mg, 0.125 mmol),
L3 (100.1 mg, 0.258 mmol), and AgClO4 (51.5 mg, 0.248 mmol). Yield of 9 :
136.1 mg (71 %), yellow crystals. M.p. 234 ± 236 8C; [a]24


D ��379.5 (c� 1.03,
CHCl3).


xss (68 %): 1H NMR (500.13 MHz, CDCl3): d� 0.58 (s, 9H; tBu), 0.85 (t,
3J(6a-H,7a-H)� 7.2 Hz, 3 H; 7a-H), 0.98 (m, 1H; 6a-HSi), 1.24 (t, 3J(4a-H,5a-
H)� 7.3 Hz, 3 H; 5a-H), 1.36 (m, 1H; 6a-HRe), 2.08 (m, 1H; 4a-HRe), 2.37 (m,
1H; 4a-HSi), 3.31 (dt, 3J(1a-H,6a-H)� 3.2, 3J(1a-H,2a-H)� 10.1 Hz, 1H; 1a-
H), 4.08 (dd, 3J(4-H,5-HRe)� 4.0, 3J(4-H,5-HSi)� 9.8 Hz, 1H; 4-H), 4.45
(dd, 3J(4-H,5-HRe)� 4.1, 3J(5-HRe,5-HSi)� 9.3 Hz, 1 H; 5-HRe), 4.71 (dd,
3J(5-HRe,5-HSi)� 9.4, 3J(4-H,5-HSi)� 9.4 Hz, 1 H; 5-HSi), 4.97 (dddd, 3J(3a-
H,4a-H)� 4.3, 3J(3a-H,P)� 9.1, 3J(2a-H,3a-H)� 13.6 Hz, 1H; 3a-H), 5.32
(dd, 3J(1a-H,2a-H)� 10.6, 3J(2a-H,3a-H)� 13.7 Hz, 1 H; 2a-H), 7.05 (ddd,
4J(8-H,10-H)� 1.1, 3J(8-H,9-H)� 7.8, 3J(P,8-H)� 10.2 Hz, 1 H; 8-H), 7.17
(m, 2H; 2Re-H), 7.25 (m, 2 H; 2Si-H), 7.45 (m, 2 H; 3Re-H), 7.48 (m, 2H; 3Si-
H), 7.53 (m, 1 H; 4Re-H), 7.54 (m, 1 H; 9-H), 7.56 (m, 1 H; 4Si-H), 7.68 (dddd,
5J(P,10-H)� 1.3, 4J(8-H,10-H)� 1.3, 3J(9-H,10-H)� 7.8, 3J(10-H,11-H)�
7.8 Hz, 1 H; 10-H), 8.27 (ddd, 4J(9-H,11-H)� 1.2, 4J(P,11-H)� 4.6, 3J(10-
H,11-H)� 7.8 Hz, 1 H; 11-H); 13C NMR (125.76 MHz, CDCl3): d� 15.01
(C5a), 15.40 (C7a), 24.53 (C2s), 24.74 (C6a), 26.98 (C4a), 33.80 (C1s), 69.48
(C5), 72.91 (C1a), 75.34 (C4), 108.64 (C3a), 118.56 (C2a), 127.75 (C1Re),
128.44 (C7), 128.51 (C1Si), 129.14 (C3Si), 129.31 (C6), 129.41 (C3Re), 131.36
(C4Si), 131.89 (C4Re), 131.96 (C10), 132.73 (C2Si), 133.02 (C9), 133.49 (C2Re),
133.63 (C1Re), 134.77 (C8), 165.08 (C2); 31P NMR (202.46 MHz, CDCl3):
d� 22.89.


nss (8%): 1H NMR (500.13 MHz, CDCl3): d� 0.66 (s, 9H; 2s-H), 0.80 (m,
1H; 6a-HRe), 0.83 (m, 3H; 7a-H), 1.13 (m, 1H; 6a-HSi), 1.20 (t, 3J(4a-H,5a-
H)� 6.8 Hz, 3H; 5a-H), 2.11 (m, 2H; 4a-H), 3.81 (dt, 3J(1a-H,6a-H)� 4.0,
3J(1a-H,2a-H)� 12.1 Hz, 1 H; 1a-H), 4.11 (m, 1H; 4-H), 4.24 (m, 1H; 3a-H),
4.44 (m, 1 H; 5-HSi), 4.58 (m, 1 H; 5-HRe), 5.40 (dd, 3J(1a-H,2a-H)� 11.8,
3J(2a-H,3a-H)� 11.8 Hz, 1 H; 2a-H), 7.06 (m, 2 H; 2Si-H), 7.11 (m, 1H; 8-H),
7.34 (m, 2H; 2Re-H), 7.38 (m, 1 H; 9-H), 7.54 (m, 2 H; 2Re-H), 7.68 (m, 1H;
4Re-H), 7.84 (m, 1H; 10-H), 8.26 (m, 1 H; 11-H); 13C NMR (125.76 MHz,
CDCl3): d� 14.50 (C5a), ca. 15.40 (C7a), 25.04 (C6a), 25.13 (C2s), 25.16
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(C4a), 34.38 (C1s), 69.51 (C5), 77.70 (C4), 80.06 (C1a), 97.21 (C3a), 117.03
(C2a), 165.12 (C2); 31P NMR (202.46 MHz, CDCl3): d� 22.92.


xsa (15 %): 1H NMR (500.13 MHz, CDCl3): d� 0.62 (s, 9 H; 2s-H), 0.88 (t,
3J(6a-H,7a-H)� 7.3 Hz, 3 H; 7a-H), 1.08 (t, 3J(4a-H,5a-H)� 7.3 Hz, 3H; 5a-
H), 1.14 (m, 1H; 6a-HSi), 1.47 (m, 1 H; 6a-HRe), 1.58 (m, 1 H; 4a-HRe), 1.77
(m, 1 H; 4a-HSi), 3.78 (dt, 3J(1a-H,6a-H)� 3.2, 3J(1a-H,2a-H)� 9.8 Hz, 1H;
1a-H), 4.29 (dd, 3J(4-H,5-HRe)� 4.4, 3J(4-H,5-HSi)� 9.9 Hz, 1H; 4-H), 4.48
(dd, 3J(4-H,5-HRe)� 4.6, 3J(5-HRe,5-HSi)� 9.5 Hz, 1H; 5-HRe), 4.71 (m,
1H; 5-HSi), 5.34 (m, 1H; 2a-H), 5.67 (dddd, 3J(3a-H,4a-H)� 7.5, 3J(P,3a-
H)� 7.5, 3J(2a-H,3a-H)� 7.5 Hz, 1 H; 3a-H), 7.07 (ddd, 4J(8-H,10-H)� 1.2,
3J(8-H,9-H)� 7.8, 3J(P,8-H)� 10.1 Hz, 1H; 8-H), 7.15 (m, 2H; 2Re-H), 7.24
(m, 2H; 2Si-H), 7.45 (m, 2H; 3Re-H), 7.52 (m, 1H; 4Re-H), 7.46 ± 7.57 (m, 3H;
3Si-H, 4Si-H), 7.60 (m, 1H; 9-H), 7.70 (dddd, 5J(P,10-H)� 1.3, 4J(8-H,10-
H)� 1.3, 3J(9-H,10-H)� 7.5, 3J(10-H,11-H)� 7.5 Hz, 1 H; 10-H), 8.29 (ddd,
4J(9-H,11-H)� 1.2, 4J(P,11-H)� 4.5, 3J(10-H,11-H) ca. 7.8 Hz, 1 H; 11-H);
13C NMR (125.76 MHz, CDCl3): d� 14.47 (C5a), 15.58 (C7a), 23.90 (C4a),
24.95 (C2s), 25.01 (C6a), 34.28 (C1s), 69.58 (C5), 74.07 (C1a), 81.00 (C4),
105.44 (C3a), 114.80 (C2a), 131.95 (C10), 135.65 (C8), 164.82 (C2); 31P NMR
(202.46 MHz, CDCl3): d� 22.94.


nas (9%): 1H NMR (500.13 MHz, CDCl3): d� 0.69 (s, 9 H; 2s-H), 0.83 (m,
3H; 7a-H), 1.20 (t, 3J(4a-H,5a-H)� 7.6 Hz, 3 H; 5a-H), 1.40 (m, 1 H; 6a-HSi),
1.63 (m, 1 H; 6a-HRe), 2.23 (m, 2 H; 4a-H), 3.91 (m, 1H; 1a-H), 4.11 (dd, 3J(4-
H,5-HRe)� 4.0, 3J(4-H,5-HSi)� 9.5 Hz, 1 H; 4-H), 4.53 (dd, 3J(4-H,5-HRe)�
4.1, 3J(5-HRe,5-HSi)� 9.6 Hz, 1H; 5-HRe), 4.63 (dd, 3J(4-H,5-HSi)� 9.8, 3J(5-
HRe,5-HSi)� 9.8 Hz, 1H; 5-HSi), 4.67 (m, 1H; 3a-H), 5.57 (dd, 3J(1a-H,2a-
H)� 7.6, 3J(2a-H,3a-H)� 13.7 Hz, 1H; 2a-H), 6.95 (ddd, 4J(8-H,10-H)� 1.2,
3J(8-H,9-H)� 7.8, 3J(P,8-H)� 10.2 Hz, 1H; 8-H), 7.19 (m, 2 H; 2Si-H), 7.27
(m, 2 H; 2Re-H), 7.43 ± 7.56 (m, 3 H; 3Si-H, 4Si-H), 7.51 (m, 2 H; 3Re-H), 7.54
(m, 2 H; 9-H, 4Re-H), 7.67 (m, 1 H; 10-H), 8.22 (ddd, 4J(9-H,11-H)� 1.2,
4J(P,11-H)� 4.3, 3J(10-H,11-H)� 7.9 Hz, 1H; 11-H); 13C NMR
(125.76 MHz, CDCl3): d� 14.50 (C5a), ca. 15.40 (C7a), 24.77 (C6a), 24.86
(C2s), 24.92 (C4a), 34.33 (C1s), 69.68 (C5), 77.50 (C4), 79.93 (C1a), 99.30
(C3a), 113.86 (C2a) 133.65 (C11), 134.59 (C8), 165.12 (C2); 31P NMR
(202.46 MHz, CDCl3): d� 18.41.


Elemental analysis (%) calcd for C32H39ClNO5PPd (690.51): C 55.66, H
5.69, N 2.03, P 4.49, Cl 5.13; found: C 55.49, H 5.82, N 1.92, P 4.61, Cl 5.45.
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Transient-Resonance Raman and Density Functional Theory Investigation of
4-Biphenylylnitrenium, 2-Fluorenylnitrenium, and Diphenylnitrenium Ions


Peizhi Zhu, Shing Yau Ong, Pik Ying Chan, Yuen Fan Poon, King Hung Leung,
and David Lee Phillips*[a]


Abstract: We present transient-reso-
nance Raman spectra for the 4-biphe-
nylylnitrenium, diphenylnitrenium, and
2-fluorenylnitrenium ions. These spectra
display a number of fundamental vibra-
tional bands whose frequencies exhibit
good agreement with those computed
using BPW91/cc-PVDZ density func-
tional theory calculations for the singlet
ground states of the 4-biphenylylnitre-


nium, diphenylnitrenium, and 2-fluore-
nylnitrenium ions. Comparison of these
arylnitrenium ions with each other and
with previous results for structurally
similar biphenyl radical cations indicates


that the degree of iminocyclohexadienyl
character observed in these arylnitreni-
um ions depends on the relative orien-
tation of the two phenyl rings, the nature
of the nitrenium ion moiety, and the
ability of the biphenyl-like group to
accommodate positive charge through
formation of a more planar-like struc-
ture with quinoidal-like character.


Keywords: arylnitrenium ions ´ cat-
ions ´ density functional calculations
´ Raman spectroscopy


Introduction


Arylnitrenium ions are thought to have a key role in chemical
carcinogenesis, and there is much interest in their chemical
reactions and properties.[1±18] Aromatic amines like 2-acetyl-
aminofluorene may be enzymatically converted into sulfate
esters of the analogous N-hydroxylamines, and in aqueous
environments a sulfate anion will spontaneously leave these
esters to produce an arylnitrenium ion.[13, 17] These arylnitre-
nium ions can in some cases (such as the 2-fluorenylnitrenium
ion) be selectively trapped by guanine bases in DNA, and this
is thought to result in carcinogenic mutations.[8±10, 14, 18] Ar-
ylnitrenium ions are usually very short-lived and problematic
to investigate in room-temperature solutions. Photochemical
methods have been recently developed by several groups to
produce arylnitrenium ions.[19±32] This has allowed a range of
laser spectroscopy techniques to be applied to study arylni-
trenium ions in room-temperature solutions.[19±33] Transient-
absorption experiments have been used to investigate several
arylnitrenium ions to determine their lifetimes and rate
constants for reactions with other compounds.[19±28, 30, 31] To-
scano and Falvey and co-workers[29] examined the diphenylni-
trenium ion solution in acetonitrile using time-resolved


infrared methods (TRIR). This study demonstrated that the
diphenylnitrenium ion has an iminocyclohexadienyl cation-
like character.[29] These TRIR experiments were extended to a
series of four N-methyl-N-phenylnitrenium ions in solution in
acetonitrile, and substituent effects on the symmetrical
aromatic C�C stretch mode(s) in the 1580 to 1628 cmÿ1


region were investigated.[32] This work found excellent agree-
ment between BPW91/cc-PVDZ density functional theory
computed vibrational frequencies and the experimentally
observed infrared vibrational frequencies.[32] Their BPW91/cc-
PVDZ computational results displayed significant bond
alternation in the phenyl rings with shorter CÿN bond lengths
and noticeable positive charge delocalization into the phenyl
rings.[32] We recently reported the first transient-resonance
Raman spectra and the first time-resolved vibrational spec-
trum taken in a largely aqueous solvent for an arylnitrenium
ion (the 2-fluorenylnitrenium ion).[33] The transient-resonance
Raman spectrum displayed ten fundamental vibrational
bands in the 1100 ± 1700 cmÿ1 fingerprint region and several
combination bands in the 2400 ± 3300 cmÿ1 region. The
transient-resonance Raman spectra vibrational frequencies
exhibited very good agreement with those calculated from
BPW91/cc-PVDZ computations. Our results demonstrated
that the 2-fluorenylnitrenium ion had a noticeably larger
degree of iminocyclohexadienyl character with a large
amount of positive charge delocalization into both phenyl
rings than previously for nitrenium ions examined with time-
resolved vibrational spectroscopy methods.[29, 32, 33] However,
it is still not clear what governs the degree of iminocyclohexa-
dienyl character and extent of charge delocalization of
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arylnitrenium ions containing two phenyl rings with the
second ring attached at a para-position relative to the
nitrenium ion moiety.


In this paper, we report the first transient-resonance Raman
spectra for the singlet 4-biphenylylnitrenium and diphenylni-
trenium ions. We also report a higher signal to noise transient-
resonance Raman spectrum of the 2-fluorenylnitrenium ion
that displays a number of new fundamental vibrational
frequencies. These spectra were obtained under similar
conditions in a largely aqueous solvent system. We have done
BPW91/cc-PVDZ computations to find the optimized geom-
etry and computed vibrational frequencies for the singlet
2-fluorenylnitrenium, 4-biphenylylnitrenium, and diphenylni-
trenium ions. The computed vibrational frequencies show
good agreement with the experimental Raman bands ob-
served for the 2-fluorenylnitrenium, the 4-biphenylylnitreni-
um, and diphenylnitrenium ions and with the infrared bands
previously reported for the diphenylnitrenium ion.[29] Our
results demonstrate the degree of iminocyclohexadienyl
character and the amount of positive charge delocalization
into the phenyl rings depend on the relative orientation of the
phenyl rings with respect to each other and on the character of
the nitrenium ion moiety. We compare our results with those
of other cations with similar structures and briefly discuss how
the iminocyclohexadienyl character of arylnitrenium ions
with two phenyl rings may be affected by substituent effects.


Results and Discussion


Laser flash photolysis of 4-azidobiphenyl or 2-azidofluorene
solutions in water/acetonitrile has been shown to give intense
transient absorption bands on the nanosecond to microsecond
timescale with a maximum at �460 nm that were assigned to
the 4-biphenylylnitrenium ion and 2-fluorenylnitrenium ion,
respectively.[18, 21] Similarly, photolysis of N-(diphenylamino)-
2,4,6-trimethylpyridinium tetrafluoroborate has been shown
to give rise to the formation of the diphenylnitrenium ion with
transient absorption bands at �425 to 430 nm and �650 to
670 nm.[27, 29] The 2-fluorenylnitrenium ion was observed to
have an appearance lifetime of about 100 ps.[25] These
nitrenium ions appear to be formed very quickly so that a
10 ns delay between the pump and probe pulses should
provide sufficient time to allow significant formation of the
nitrenium ions to examine. The probe wavelength (416 nm)
used in the transient-resonance Raman experiments is within
the transient absorption bands (on the blue part). Thus we
expect our transient-resonance Raman spectra to probe the
identity and structure of the species responsible for these
broad characteristic transient absorption bands that were
assigned to arylnitrenium ions. Figure 1 displays the 416 nm
transient-resonance Raman spectra of the 2-fluorenylnitre-
nium (top), 4-biphenylylnitrenium (middle), and diphenylni-
trenium (bottom) ions with the larger Raman bands labeled
with their preliminary vibrational assignments.


Table 1 lists the vibrational frequencies and preliminary
assignments for the transient-resonance Raman bands ob-
served for the spectra of the 2-fluorenylnitrenium, 4-biphe-
nylylnitrenium, and diphenylnitrenium ions shown in Fig-


Figure 1. Transient-resonance Raman spectra of the 2-fluorenylnitrenium
ion (top), the 4-biphenylylnitrenium ion (middle), and diphenylnitrenium
ion (bottom) obtained in a largely aqueous solution (60 % water/40%
acetonitrile by volume) with 266 nm pump and 416 nm probe wavelengths.
The tentative assignments of the larger Raman bands are shown above the
spectra (see text and Table 1 for more details). The transient-resonance
Raman spectra were found by subtracting a probe-only spectrum and a
pump-only spectrum from a pump ± probe spectrum to remove solvent and
precursor bands. Use of a different precursor than the 2-fluorenylnitrenium
and 4-biphenylylnitrenium ions for generating the diphenylnitrenium ion
resulted in a large Rayleigh background and interfering bands in the lower
frequency region so only the 1350 ± 2000 cmÿ1 region is shown for this
spectrum. The dagger marks solvent subtraction artifacts, stray light, or
ambient light artifacts.


ure 1. Several previous studies used time-resolved vibrational
spectra (either infrared or Raman) and comparison with
density functional theory calculated vibrational frequencies to
assign several nitrenium ions (including the diphenylnitreni-
um and 2-fluorenylnitrenium ions) to their singlet ground
electronic states,[29, 32, 33] and we expect that the 4-biphenylyl-
nitrenium ion is also likely in its singlet ground electronic
state. Recent TRIR and TR3 (time-resolved resonance
Raman) studies found excellent agreement between the
experimental vibrational frequencies and those values com-
puted from BPW91/ccPVDZ computations for five nitrenium
ions.[32, 33] We have done similar calculations for the singlet
ground electronic state of the 4-biphenylylnitrenium and
diphenylnitrenium ions (calculations for the 2-fluorenylnitre-
nium ion were previously reported in reference [33]) to find
the optimized geometry and calculated vibrational frequen-
cies. Inspection of Table 1 shows that the experimental
frequencies for the transient-resonance Raman bands gen-
erally display good agreement with the BPW91/cc-PVDZ
calculated values and can serve as a reasonable tool for
identification of the photoproduct species. Our results indi-
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cate that the singlet 2-fluorenylnitreni-
um, 4-biphenylylnitrenium, and diphe-
nylnitrenium ions are associated with the
intense transient absorption bands
observed after photolysis of 2-azido-
fluorene (�460 nm), 4-azidobiphenyl
(�460 nm), and N-(diphenylamino)-
2,4,6-trimethylpyridinium tetrafluorobo-
rate (�425 to 430 nm), respectively. This
is in good agreement with assignments
previously put forward by several
groups.[18, 21, 27]


The resonance Raman spectra in Fig-
ure 1 usually have intense bands associ-
ated with the C�C stretches of the
phenyl rings (particularly the ring to
which the NÿH group is attached) and
the CÿNÿH group. Figures 2 ± 4 display
simple schematic diagrams of the normal
mode descriptions for the vibrational
modes observed in the transient-reso-
nance Raman spectra for the 2-fluore-
nylnitrenium, 4-biphenylylnitrenium,
and diphenylnitrenium ions, respective-
ly. Examination of Figure 2 as well as
Figures 3 and 4 shows that the normal
mode descriptions are reasonably com-
plex with contributions from a number
of internal coordinates. We note the
computed vibrational frequencies agree
well with the values observed in the
experimental Raman spectra (see Ta-
ble 1). This suggests that it would be
worthwhile to use the optimized geom-
etry from the BPW91/cc-PVDZ calcula-
tions to aid in determining how much the
observed Raman vibrational frequencies
reflect the structure and bond order of
the three nitrenium ions investigated
here. Selected optimized geometry
structural parameters from the BPW91/
cc-PVDZ calculations are given in Ta-
ble 2. Scheme 1 presents simple sche-
matic diagrams for the 2-fluorenylnitre-
nium (top), 4-biphenylylnitrenium (mid-
dle), and diphenylnitrenium (bottom)
ions with their atoms numbered as listed
in Table 2.


Examination of Table 2 shows that the
CÿN bond length parameters are rela-
tively short (1.3077 � for 2-fluorenylni-
trenium, 1.3083 � for 4-biphenylylnitre-
nium, and 1.3512 � for diphenylnitreni-
um ions, respectively), and this indicates
they have some imine character. The
CÿN bond lengths for 2-fluorenylnitre-
nium and 4-biphenylylnitrenium ions are
close to those for a typical C�N bond
(1.28 �) and somewhat stronger than


Table 1. Experimental Raman vibrational frequencies observed in the transient-resonance Raman
spectrum in Figure 1 for the 2-fluorenylnitrenium, 4-biphenylylnitrenium, and diphenylnitrenium
ions. Tentative vibrational band assignments are also shown based on comparison with computed
vibrational frequencies from BPW91/cc-PVDZ calculations for the ground singlet electronic state of
the 2-fluorenylnitrenium, 4-biphenylylnitrenium, and diphenylnitrenium ions (see text).


A. 2-fluorenylnitrenium ion
vibrational mode BPW91/


cc-PVDZ calcd
[in cmÿ1]


transient-resonance
Raman frequency
shift [in cmÿ1][a]


n60, inter-ring def. (in plane) 354
n58, central ring def. (in plane) 403 407
n57, ring def. (out of plane) 438
n56, ring def. (out of plane) 453
n55, ring def. (in plane) 499 500
n54, ring def. (in plane) 529
n52, ring def. (out of plane) 564
n51, CCC bend 621 616
n50, CCC bend�CH2 twist 686
n49, CCC bend 713
n48, CCC bend 729 721
n47, CÿH bend and NÿH bend (out of plane) 738
n45, CÿH bend and NÿH bend (out of plane) 805
n44, CÿH bend and NÿH bend (out of plane) 816 824
n43, CH bend (out of plane)�CH2 rock 853
n36, CÿC stretch 982
n35, CÿH bend 1000 994
n34, CÿH bend 1013
n33, CÿH & NÿH bend (in the plane) 1093
n32, CÿH & NÿH bend (in the plane) 1109
n31, CÿH & NÿH bend (in the plane) 1114
n30, CH2 twist 1123
n29, CH2 wag�CÿH & NÿH bending (in the plane) 1141
n28, CÿH bend 1155
n27, CH2 wag�CÿH & NÿH bend (in the plane) 1174
n26, CH2 wag�CÿH & NÿH bend (in the plane) 1187
n25, CÿCH2 stretch�CÿH�NÿH bend (in the plane) 1210 1201 (1204)[b]


n24, CÿCH2 stretch�CÿH & NÿH bend (in the plane) 1282
n23, CÿCH2 stretch�CÿH & NÿH bend (in the plane) 1323
n22, CH2 scissor�CÿH & NÿH bend (in the plane) 1350 1342 (1346)[b]


n21, CH2 scissor�CÿH & NÿH bend (in the plane) 1370
n20, NÿH & CÿN bending (in the plane) 1378 1383 (1382)[b]


n19, CH2 wag�CÿH & NÿH bend (in the plane) 1393
n18, CH2 scissor�CÿH & NÿH bend (in the plane) 1433 1435 (1431)[b]


n17, CÿH bend 1469 1460 (1455)[b]


n16, CÿC stretch 1482 1486 (1483)[b]


n15, CÿC stretch 1532
n14, CÿC stretch 1557 (1554)[b]


n13, CÿC stretch 1561 1567 (1566)[b]


n12, ring 3 CÿC stretch 1607 1600 (1600)[b]


n11, ring 1 CÿC stretch 1640 1637 (1633)[b]


B. 4-biphenylylnitrenium ion
vibrational mode BPW91/


cc-PVDZ calcd
[in cmÿ1]


transient-resonance
Raman frequency
shift [in cmÿ1][a]


n56, ring def. 360
n55, ring def. 377 386
n54, CÿH bend 416
n53, ring def. 457
n52, CÿH bend (out of plane) 529 530
n51, CÿH bend (in plane) 550 563
n50, ring def. (in plane) 587 589
n49, ring def. (in plane) 607
n39, CH bend (out of plane) 940
n38, CÿH bend (in plane) 951 962?
n37, CÿH bend (out of plane) 972 962?
n36, CÿH bend (out of plane) 975
n35, CÿH bend (in the plane) 980
n34, NÿH & CÿN bend (out of plane) 982
n33, CH bend�NH bend (out of plane) 990
n32, CÿH bend 1003 998
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those previously found for four para-substituted N-methyl-N-
phenylnitrenium ions (ranging from 1.317 to 1.323 �).[32] The
value for the diphenylnitrenium ion is about half way between
a typical C�N bond (1.28 �) and a typical CÿN bond (1.40 �)
which indicates it has a substantially weaker iminocyclohex-
adienyl character due to the diphenylnitrenium ion having
two resonance forms (one with a CÿN bond and one with a
C�N bond).


A symmetric aromatic C�C stretch vibrational mode in the
1568 to 1628 cmÿ1 region was previously found to be an
indicator for the amount of imine/cyclohexadienyl character
for several arylnitrenium ions.[29, 32] The corresponding modes
are n11 (experiment at 1637, 1625, and 1604 cmÿ1 and
calculated at 1640, 1625, and 1604 cmÿ1 for the 2-fluorenylni-
trenium, 4-biphenylylnitrenium, and diphenylnitrenium ions,
respectively) for the phenyl ring to which the nitrogen atom is
attached and n12 (experiment at 1600 and 1607 cmÿ1 and
calculated at 1607 and 1602 cmÿ1 for the 2-fluorenylnitrenium
and 4-biphenylylnitrenium ions, respectively) for the phenyl
ring without the nitrogen atom attached. These values for the
symmetric aromatic C�C stretch suggest that both phenyl
rings in these ions have noticeable cyclohexadienyl character.
The phenyl ring to which the nitrogen atom is attached has
greater cyclohexadienyl character than the phenyl ring with-


out the nitrogen atom attached in the
case of the 2-fluorenylnitrenium and
4-biphenylylnitrenium ions. This is in
agreement with the degree of differences
between the bond alternation pattern in
the two types of phenyl rings (e.g. with
and without the nitrogen atom attached)
of the 2-fluorenylnitrenium and 4-biphe-
nylylnitrenium ions: the first ring has
C12ÿC11 of 1.4732 �; C11ÿC10 of
1.3701 �; C10ÿC7 of 1.4373 � and
C12ÿC13 of 1.4696 �; C13ÿC8 of
1.3685 �; C8ÿC9 of 1.5122 � compared
with C4ÿC5 of 1.4230 �; C4ÿC3 of
1.3907 �; C3ÿC2 of 1.4202 � and
C9ÿC6 of 1.5081 �; C6ÿC1 of 1.3947 �;
C1ÿC1 of 1.4082 � for the second phe-
nyl ring for the 2-fluorenylnitrenium ion
and the first ring has C10ÿC11 of
1.4652 �; C11ÿC12 of 1.3693 �;
C12ÿC7 of 1.4492 � and C10ÿC9 of
1.4644 �; C9ÿC8 of 1.3707 �; C8ÿC7 of
1.4441 � compared with C5ÿC6 of
1.4334 �; C6ÿC1 of 1.3919 �; C1ÿC2 of
1.4104 � and C5ÿC4 of 1.4334 �;
C4ÿC3 of 1.3917 �; C3ÿC2 of 1.4106 �
for the second phenyl ring for
the 4-biphenylylnitrenium ion. The bond
alternation is stronger in the first
ring for the 2-fluorenylnitrenium ion
than in the 4-biphenylylnitrenium ion
and the four para-substituted N-methyl-
N-phenylnitrenium ions studied by
Toscano, Cramer, and Falvey and co-
workers.[32]


It is interesting to make a comparison of the 2-fluorenylni-
trenium ion structure and vibrational frequencies for the n11


and n12 symmetric aromatic C�C stretch vibrational modes for
the two phenyl rings with those for the 4-biphenylylnitrenium
and N-(4-biphenylyl)-N-methylnitrenium ions. The experi-
mental vibrational frequencies for the n11 and n12 modes are
1637 and 1600 cmÿ1 for the 2-fluorenylnitrenium ion, 1625 and
1607 cmÿ1 for the 4-biphenylylnitrenium ion, and 1612 and
1584 cmÿ1 for the N-methyl-N-phenylnitrenium ion. These
trends in the frequencies for the n11 mode correlate very well
with the CÿN bond lengths and degree of imine character (e.g.
1.3077 � for the 2-fluorenyl nitrenium ion, 1.3083 � for the
4-biphenylylnitrenium ion, and 1.321 � for the N-(4-biphe-
nylyl)-N-methylnitrenium ion[32]) as well as the degree of
cyclohexadienyl character of the phenyl ring to which the
nitrogen atom is attached. The large degree of iminocyclo-
hexadienyl character of the first phenyl ring in the 2-fluo-
renylnitrenium ion appears to be mainly due to its fluorene
moiety, which induces an in-plane tilt of the two phenyl rings
in its structure (note that the C6ÿC5ÿC7 and C5ÿC7ÿC8 bond
angles are about 1088 for the 2-fluorenylnitrenium ion
compared with about 1208 for the 4-biphenylylnitrenium
and N-(4-biphenylyl)-N-methylnitrenium ions). This enables
better interaction and hence delocalization of the cation


Table 1. (Continued).


B. 4-biphenylylnitrenium ion
vibrational mode BPW91/


cc-PVDZ calcd
[in cmÿ1]


transient-resonance
Raman frequency
shift [in cmÿ1][a]


n31, CÿC stretch 1021
n27, CÿH bend (in plane) 1155
n26, CÿH bend (in the plane) 1165
n25, CÿH bend (in the plane) 1188 1184
n24, CCC asym. bend 1264
n23, CÿCH2 stretch�CÿH & NÿH bend (in the plane) 1289
n22, CCC sym. bend (in the plane) 1315
n21, CÿH & NÿH bend (in the plane) 1353 1334
n20, NÿH & CÿH bending (in the plane) 1387 1373
n19, CH bend 1402
n18, CÿH & NÿH bend (in the plane) 1429 1422
n17, CCC bend (in plane) 1451
n16, CÿC stretch 1476 1496
n15, CÿC stretch 1525
n13, CÿC stretch 1554
n12, ring 2 CÿC stretch 1602 1607
n11, ring 1 CÿC stretch 1625 1625


C. diphenylnitrenium ion
vibrational mode BPW91/


cc-PVDZ calcd
[in cmÿ1]


time-resolved IR
or Raman frequency
[in cmÿ1][c]


n20, CCC sym. stretch 1373
n19, CÿC and CÿN stretch 1401 1392 (IR)
n18, CÿC sym. str. 1441 1442 (IR)?
n17, CÿC sym. str. 1441 1442 (IR)?
n16, CÿC sym. str. 1451 1455 (Raman)
n15, CÿNÿC asym. str. and CH in plane bend 1467 1478 (Raman)
n14, CÿC stretch 1524
n13, CÿC stretch 1525 1543 (Raman)
n12, CÿC stretch 1586 1568 (IR)[c]


n11, CÿC stretch 1604 1604 (Raman)


[a] Estimated uncertainty in Raman shift is �3 cmÿ1. [b] Values in parentheses are Raman shifts
observed in the preliminary transient-resonance Raman spectrum reported in reference [33].
[c] IR frequencies are those reported in reference [29].
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charge of the nitrenium ion group into the phenyl ring to
which it is attached. The trend in the CÿN bond lengths for
these three nitrenium ions also correlates well with the degree
of carbon double bond character of the C5ÿC7 bond
connecting the two phenyl rings (1.4294 � for the 2-fluore-
nylnitrenium ion, 1.4494 � for the 4-biphenylylnitrenium ion,
and 1.454 � for the N-(4-biphenylyl)-N-methylnitrenium
ion[32]). This is consistent with the amount of iminocyclohexa-
dienyl character of the first phenyl ring (attached to the
nitrenium ion group) and the vibrational frequencies of the n11


symmetric aromatic C�C stretch vibrational modes.
The 4-biphenylylnitrenium ion and the N-(4-biphenylyl)-N-


methylnitrenium ion only differ in the hydrogen atom
attached to the nitrogen atom of nitrenium that is replaced
by a methyl group. This substitution noticeably affects the
structure and charge delocalization of the 4-biphenylylnitre-
nium ion moiety. The CÿN bond and the C5ÿC7 bond
(connecting the two phenyl rings) are somewhat shorter in the
4-biphenylylnitrenium ion (1.3083 and 1.4494 �, respectively)
than in the N-(4-biphenylyl)-N-methylnitrenium ion (1.321


and 1.454 �, respectively[32]).
This correlates with the larger
degree of CÿC bond alternation
observed in both phenyl rings
and the higher n11 and n12 sym-
metric aromatic C�C stretch
experimental vibrational fre-
quencies for the 4-biphenylylni-
trenium ion (1625 cmÿ1 for n11


and 1607 cmÿ1 for n12) com-
pared with the N-(4-biphenyl-
yl)-N-methylnitrenium ion
(1612 and 1584 cmÿ1 from ref-
erence [32]). This indicates that
the 4-biphenylylnitrenium ion
has noticeably more iminocy-
clohexadienyl character than
the N-(4-biphenylyl)-N-methyl-
nitrenium ion. To better under-
stand this behavior, it is useful
to make comparisons with the
biphenyl radical cation and
some substituted radical cat-
ions.[34±46]


Oxidation of neutral bi-
phenyl and substituted bi-
phenyl compounds to form
their corresponding radical cat-
ions in room-temperature solu-
tions typically results in a more
planar structure with some qui-
noidal-like character, although
the structure remains nonpla-
nar. For example, the S0 state of
biphenyl goes from an inter-
ring twist angle of about 388, an
inter-ring CÿC bond length of
about 1.486 �, and little CÿC
bond alternation in the phenyl


rings to an inter-ring twist angle of about 198, an inter-ring
CÿC bond length of about 1.444 �, and appreciable CÿC
bond alternation in both phenyl rings (�1.433 � to 1.379 � to
1.403 �) in the S0 radical cation of biphenyl.[37±42, 45] The
quinoidal character and charge delocalization is similar in
both phenyl rings of the biphenyl radical cation and halo or
methyl-substituted radical cations.[37±46] However, the nitre-
nium ion significantly interacts with the biphenyl moiety, and
the charge delocalization is substantially different for the two
phenyl rings in the arylnitrenium ions in which the CÿC bond
alternation is much stronger in the phenyl ring to which the
nitrogen atom is attached, and this also influences the degree
of imine character of the CÿN bond. Our results for the
4-biphenylylnitrenium ion and comparison with previous
results reported for the N-(4-biphenylyl)-N-methylnitrenium
ion indicate that theÿNH� group leads to greater interaction
and a higher degree of iminocyclohexadienyl character than
the ÿNCH3


� group. The larger stability and better charge
delocalization of arylnitrenium ions having para-phenyl ring
substitution on a phenylnitrenium ion (such as 2-fluorenylni-


Figure 2. Diagrams are displayed for the fifteen vibrational modes of the 2-fluorenylnitrenium ion tentatively
assigned to bands observed in the transient-resonance Raman spectrum shown in Figure 1. Their normal mode
vibrational motions (enlarged by a factor of 2) are shown in terms of internal coordinates by arrows as deduced
from the BPW91/cc-PVDZ calculations. Each diagram is marked with the DFT calculated vibrational frequency
(in cmÿ1), and the Raman experimental value is given in parentheses (see Table 1).
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trenium, 4-biphenylylnitreni-
um, and N-(4-biphenylyl)-N-
methylnitrenium ions) appear
to be due to the ability of the
biphenyl-like group to accom-
modate and delocalize the pos-
itive charge in both phenyl
rings.


ortho-Substitution relative to
the inter-ring CÿC bond in
halo- and methyl-substituted
biphenyl radical cations results
in less planarity and less qui-
noidal character.[43, 44, 46] This
suggests that similar substitu-
tion in 4-biphenylylnitrenium
type ions (like the 4-biphenyl-
ylnitrenium and N-(4-biphe-
nylyl)-N-methylnitrenium ions
examined here) could also
cause noticeable weakening of
the iminocyclohexadienyl char-
acter of the arylnitrenium ion.
ortho-Substitution relative to
the nitrenium ion attached to
the phenyl ring will also likely
exert noticeable influence on
the degree of charge delocali-
zation and iminocyclohexadien-
yl character of the arylnitreni-
um ion. Recent studies
reported for ortho-fluorine sub-
stituents on singlet phenylni-
trenes found that a single fluo-
rine substitutent has a small
bystander effect on remote
cyclization that is not steric in
origin, and two ortho-fluorine
substituents have a substantial
effect on the cyclization reac-
tion.[47] At this time it is not
clear to what degree ortho-sub-
stitution relative to the nitreni-
um moiety attached to a para-
substituted phenyl ring will
change its iminocyclohexadien-
yl character, and further work
is needed to elucidate this be-
havior.


The diphenylnitrenium ion
has the longest CÿN bond
length and lowest degree of
iminocyclohexadienyl charac-
ter of the para-substituted ar-
ylnitrenium ions so far exam-
ined by transient vibrational
spectroscopy in room-temper-
ature solutions. The charge de-
localization is about the same in


Figure 3. Diagrams are displayed for the fourteen vibrational modes of the 4-biphenylylnitrenium ion tentatively
assigned to bands observed in the transient-resonance Raman spectrum shown in Figure 1. Their normal mode
vibrational motions (enlarged by a factor of 2) are shown in terms of internal coordinates by arrows as deduced
from the BPW91/cc-PVDZ calculations. Each diagram is marked with the DFT calculated vibrational frequency
(in cmÿ1), and the Raman experimental value is given in parentheses (see Table 1).


Figure 4. Diagrams are displayed for the eight vibrational modes of the diphenylnitrenium ion tentatively
assigned to bands observed either in the transient-resonance Raman spectrum (shown in Figure 1) or the infrared
spectrum reported in reference [29]. Their normal mode vibrational motions (enlarged by a factor of 2) are shown
in terms of internal coordinates by arrows as deduced from the BPW91/cc-PVDZ calculations. Each diagram is
marked with the DFT calculated vibrational frequency (in cmÿ1), and the Raman experimental value is given in
parentheses (see Table 1).
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both phenyl rings, and the structure has a higher degree
of symmetry than the 2-fluorenylnitrenium and 4-bi-
phenylylnitrenium ions. This appears to correlate with
a greater intensity in the vibrational modes associated
with the CÿN bonds compared with the CÿC bonds of
the phenyl ring for the diphenylnitrenium ion and an
apparent higher degree of mutual exclusive character
between the infrared and Raman bands observed
experimentally in the 1300 to 1700 cmÿ1 region. This
illustrates the benefit of obtaining (where possible)
both infrared and Raman spectra for species with
higher symmetry. This enables one to observe more
vibrational bands and better characterize the structure
and bonding of the species of interest. Further exper-
imental work to obtain vibrational bands over a wider
range of frequencies for both the infrared and Raman
spectra of the diphenylnitrenium ion should prove
interesting and possibly be useful in testing various
levels of theoretical methods and basis sets to calculate
the optimized geometry and vibrational frequencies of
arylnitrenium ions.


Conclusion


We report transient-resonance Raman spectra for the
2-fluorenylnitrenium, 4-biphenylylnitrenium, and di-
phenylnitrenium ions in room-temperature solutions.
These spectra display a number of fundamental vibra-
tional bands, and their frequencies exhibit reasonable
agreement with those computed using BPW91/cc-
PVDZ density functional theory calculations for the
singlet ground state of the 2-fluorenylnitrenium, 4-bi-
phenylylnitrenium, and diphenylnitrenium ions. These
arylnitrenium ions display varying degrees of iminocy-
clohexadienyl character that depend on the relative
orientation of the two phenyl rings and the nature of
the nitrenium moiety (for example, a ÿNH� group
leads to noticeably more iminocyclohexadienyl char-
acter than a ÿNCH3


� group when attached to the
phenyl rings). Comparison of the 4-biphenylylnitreni-
um ion and related arylnitrenium ions to structurally
similar biphenyl radical cations indicates that the
nitrenium ion moiety can delocalize its charge into
the para-substituted phenyl rings through the tendency
of the biphenyl-like group to form a more planar
radical cation. This ability appears to lead to the greater
stability and lifetimes observed for these types of
arylnitrenium ions and likely influences their chemical
reactivity (this will be explored in more detail and
results reported in due course).


Experimental Section


Synthesis of 2-azidofluorene, 4-azidobiphenyl, and N-(diphenyl-
amino)-2,4,6-trimethylpyridinium tetrafluoroborate precursors


2-Azidofluorene : The compound 2-azidofluorene was synthesized
based on previously reported procedures for the synthesis of azido


Table 2. Selected optimized geometry parameters from BPW91/cc-PVDZ calcu-
lations for the ground singlet electronic state of the 2-fluorenylnitrenium,
4-biphenylylnitrenium, and diphenylnitrenium ions (see text). Bond lengths are in
�, and bond angles are in degrees. The atom numbers are those shown in Scheme 1.


A.2-fluorenylnitrenium ion
structural parameter BPW91/


cc-PVDZ
calcd value


structural
parameter


BPW91/
cc-PVDZ
calcd value


C12ÿN14 1.3077 C2ÿC1ÿC6 118.4
C11ÿC12 1.4732 C1ÿC2ÿC3 122.0
C10ÿC11 1.3701 C2ÿC3ÿC4 120.5
C7ÿC10 1.4373 C3ÿC4ÿC5 118.1
C12ÿC13 1.4696 C4ÿC5ÿC6 121.1
C8ÿC13 1.3685 C4ÿC5ÿC7 130.3
C8ÿC9 1.5122 C6ÿC5ÿC7 108.5
C4ÿC5 1.4230 C1ÿC6ÿC5 119.9
C3ÿC4 1.3907 C1ÿC6ÿC9 129.8
C2ÿC3 1.4202 C5ÿC6ÿC9 110.3
C6ÿC9 1.5081 C5ÿC7ÿC8 109.0
C1ÿC6 1.3947 C5ÿC7ÿC10 129.5
C1ÿC2 1.4082 C8ÿC7ÿC10 121.5
C5ÿC6 1.4400 C7ÿC8ÿC9 109.5
C5ÿC7 1.4294 C7ÿC8ÿC13 120.2
C7ÿC8 1.4497 C9ÿC8ÿC13 130.3
N14ÿH 1.0405 C6ÿC9ÿC8 102.7
C1ÿH 1.0975 C7ÿC10ÿC11 118.7
C2ÿH 1.0986 C10ÿC11ÿC12 121.2
C3ÿH 1.0972 C11ÿC12ÿC13 118.7
C4ÿH 1.0973 C11ÿC12ÿN14 124.8
C9ÿH19, C9ÿH20 1.1098 C13ÿC12ÿN14 116.5
C10ÿH 1.0972 C8ÿC13ÿC12 119.6
C11ÿH 1.0994 C12ÿN14ÿH24 110.6
C13ÿH 1.0982 D(C6ÿC5ÿC7ÿC8) 180.0


B.4-biphenylylnitrenium ion
structural parameter BPW91/


cc-PVDZ
calcd value


structural
parameter


BPW91/
cc-PVDZ
calcd value


C1ÿC2 1.4104 C6ÿC1ÿC2 120
C2ÿC3 1.4106 C1ÿC2ÿC3 120.3
C3ÿC4 1.3917 C2ÿC3ÿC4 120
C4ÿC5 1.4334 C3ÿC4ÿC5 120.8
C5ÿC6 1.4334 C4ÿC5ÿC6 117.9
C6ÿC1 1.3919 C5ÿC6ÿC1 120.8
C5ÿC7 1.4494 C4ÿC5ÿC7 121
C7ÿC8 1.4441 C5ÿC7ÿC8 121.1
C8ÿC9 1.3707 C12ÿC7ÿC8 118.1
C9ÿC10 1.4644 C7ÿC8ÿC9 121.2
C10ÿC11 1.4652 C8ÿC9ÿC10 121.1
C11ÿC12 1.3693 C9ÿC10ÿC11 117.2
C12ÿC7 1.4492 C10ÿC11ÿC12 120.8
C10ÿN13 1.3083 C11ÿC12ÿC7 121.5
C1ÿH14, C3ÿH16 1.0972 C9ÿC10ÿN13 117
C2ÿH15 1.0984 C11ÿC10ÿN13 125.7
C8ÿH19 1.0954 C10ÿN13ÿH23 110.5
C4ÿH17, C6ÿH18 1.0959 D(C6ÿC5ÿC7ÿC12) ÿ 17.6
C9ÿH20 1.0979
C11ÿH21 1.0994
C12ÿH22 1.0956
N13ÿH23 1.0408


C.diphenylnitrenium ion
structural parameter BPW91/


cc-PVDZ
calcd value


structural
parameter


BPW91/
cc-PVDZ
calcd value


C1ÿC2 1.4134 C6ÿC1ÿC2 119.6
C2ÿC3 1.4165 C1ÿC2ÿC3 121.2
C3ÿC4 1.3882 C2ÿC3ÿC4 120.2
C4ÿC5 1.4444 C3ÿC4ÿC5 119.6
C5ÿC6 1.4426 C4ÿC5ÿC6 119.0
C6ÿC1 1.3986 C5ÿC6ÿC1 120.2
C5ÿN7 1.3512 C4ÿC5ÿN7 125.9
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compounds.[48] In a round-bottom flask (200 mL), 2-aminofluorene (1.81 g,
10 mmol) was dissolved in water (40 mL) containing concentrated sulfuric
acid (10 mL). The solution was cooled to below 5 8C in an ice bath and
diazotized with a solution of NaNO2 (0.76 g, 11 mmol) in distilled water
(7 mL). The reaction was stirred in an ice bath for one hour, and
occasionally small portions of water were added to rinse the walls of the
flask. Then, NaN3 (1.34 g, 20 mmol) in water (10 mL) was added at 0 8C.
After 10 min, water (70 ± 80 mL) at 0 8C was added, and the resulting
suspension of solid was filtered to isolate product (1.56 g), which can be
purified by recrystallization in ethanol.


1H NMR (500 MHz, CDCl3): d� 7.73 (d, J� 8.0 Hz, 2 H), 7.52
(d, J� 7.4 Hz, 1H), 7.38 (t, J� 7.4 Hz, 1H), 7.29 (m, 1H), 7.21 (s,
1H), 7.02 (m, 1 H), 3.89 (s, 2 H); IR (film): nÄ � 2113, 1604, 1581,
1454, 1401, 1307, 1292, 1281, 838, 766, 732 cmÿ1; MS (EI): m/z
(%): 179 (C13H9N�, 100), 152 (24), 111 (27), 97 (45), 85 (53), 77
(73), 71 (58).


4-Azidobiphenyl : The compound 4-azidobiphenyl was also
synthesized based on procedures previously reported for the
synthesis of azido compounds.[48] In a round-bottom flask
(200 mL), 4-aminobiphenyl (6.09 g), directly purchased from
Sigma, was dissolved in water (50 mL) containing concentrated
sulfuric acid (45 mL). The solution was cooled to below 5 8C in
an ice bath and diazotized with a solution of sodium nitrite
(2.48 g) in water (10 mL). The reaction was stirred in an ice
bath for one hour, and occasionally small portions of water
were added to rinse the walls of the flask. Then, sodium azide
(4.23 g) in water (52 mL) was added at 0 8C. After 30 min, ice
water (70 ± 80 mL) was added, and the resulting suspension
solid was filtered to isolate the product, which can be purified
by recrystallization in ethanol.


1H NMR (500 MHz, CDCl3): d� 7.57 (t, J� 7 Hz, 4H), 7.44 (t, J� 7 Hz,
2H), 7.34 (t, J� 7 Hz, 1 H), 7.09 (d, J� 9 Hz, 2H); IR (film): nÄ � 1483, 1516,
1611, 2095, 2257, 3032, 3358, 3433 cmÿ1; MS (EI): m/z (%): 167 (C12H9N�,
50); UV/Vis (MeCN): 278 nm.


N-(Diphenylamino)-2,4,6-trimethylpyridinium tetrafluoroborate : The com-
pound 1,1-diphenylhydrazine hydrochloride (2.38 g, 0.0108 mol) was dis-
solved in water (50 mL). Then NaOH solution (0.5m) was added until the
pH value reached about 10. The solution was then extracted three times
with CH2Cl2, and the combined organic extracts were dried over MgSO4,
filtered, and concentrated in vacuo to remove all solvents. The resulting
product was added to a stirred solution of 2,4,6-trimethylpyrylium
tetrafluoroborate (2.16 g, 0.0103 mol) in EtOH (50 mL). The reaction
was refluxed for 1 h. The resulting reaction mixture was allowed to cool to
room temperature. This was then cooled by an ice bath and then added to
cold diethyl ether (400 mL). The crystals were filtered and washed with
copious amounts of EtOH (95 %), followed by Et2O. The crystals were
dried in vacuo and weighed (3.57 g, 92 %). The product was proved to be of
high purity by NMR and was not purified further.


m.p. 165 ± 167 8C; 1H NMR (CDCl3): d� 7.85 (s, 2 H), 7.41 (m, 4H), 7.19 (m,
4H), 6.91 (d, 2 H), 2.71 (s, 3H), 2.59 (s, 6H); 13C NMR (CDCl3): d� 162.4,
157.8, 140.1, 130.7, 130.6, 125.3, 117.6, 22.3, 20.1; UV/Vis (CH3CN): 269,
373 nm.


Caution : The azide precursor compounds are potentially explosive
(especially if allowed to dry) and should be handled with care.


Computational methods : All of the density functional theory computations
reported here employed the Gaussian 98W program suite.[49] Complete
geometry optimization and vibrational frequency calculations were accom-
plished analytically using the BPW91 method for the 2-fluorenylnitrenium,
4-biphenylylnitrenium, and diphenylnitrenium ions.[50, 51] The cc-PVDZ
basis set[52] was used for all of the computations.


Transient-resonance Raman spectroscopy : Samples of the precursor
compound (2-azidofluorene or 4-azidobiphenyl) were made up with
concentrations in the 3 ± 5mm range in a 75% water/25% acetonitrile
mixed solvent by volume system with a acetate buffer (2 mm) and a pH of
3.5. The transient-resonance Raman spectra were acquired using an
experimental apparatus and methods previously described,[33, 53±57] and only
a short description will be given here. The excitation wavelengths for the
transient-resonance Raman experiments were obtained from the harmon-
ics of a pulsed Nd:YAG laser (GCR-150-10) and their hydrogen Raman-
shifted laser lines (266 nm for the pump and 416 nm for the probe laser
beams). An optical delay of about 10 ns was used between the pump and
probe laser beams. The pump and probe beams were lightly focused onto a
flowing liquid stream of sample using a near collinear and backscattering
geometry. Reflective optics were used to collect the Raman-scattered light
and image it through a depolarizer and entrance slit of a 0.5 meter
spectrograph. The spectrograph grating dispersed the Raman light onto a
liquid nitrogen cooled CCD (close-coupled device) mounted on the exit
port of the spectrograph. The Raman signal was collected for�300 to 600 s
before being sent to an interfaced PC computer for further analysis. About
10 to 20 of these readouts were summed to obtain a resonance Raman


Table 2. (Continued).


C.diphenylnitrenium ion
structural parameter BPW91/


cc-PVDZ
calcd value


structural
parameter


BPW91/
cc-PVDZ
calcd value


N7ÿC8 1.3512 C5ÿN7ÿC8 125.2
C8ÿC9 1.4426 N7ÿC8ÿC13 125.9
C9ÿC10 1.3886 N7ÿC8ÿC9 114.9
C10ÿC11 1.4134 C8ÿC9ÿC10 120.2
C11ÿC12 1.4165 C9ÿC10ÿC11 119.6
C12ÿC13 1.3882 C10ÿC11ÿC12 121.2
C13ÿC8 1.4444 C11ÿC12ÿC13 120.2
C1ÿH14, C10ÿH20, C4ÿH17, C13ÿH23 1.0973 D(C4ÿC5ÿN7ÿC8) 24.5
C2ÿH15, C11ÿH21 1.0988
C3ÿH16, C12ÿH22 1.0976
C6ÿH18, C9ÿH19 1.0974
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Scheme 1. Diagrams of the 2-fluorenylnitrenium (top), 4-biphenylylnitre-
nium (middle), and diphenylnitrenium (bottom) ions with their atoms
numbered as given in Table 2.
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spectrum. Pump-only, probe-only, and pump ± probe spectra were record-
ed. A background scan of ambient light was also collected. The known
Raman bands of the water/acetonitrile solvent were used to calibrate the
Raman shifts of the spectra. The solvent and precursor Raman bands were
removed from the pump ± probe spectrum by subtracting a probe-only
Raman spectrum. The pump-only and background scan scans were also
subtracted to delete any stray light or ambient light features in order to
obtain the transient-resonance Raman spectra of the 2-fluorenylnitrenium,
4-biphenylylnitrenium, and diphenylnitrenium ions shown in Figure 1.
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Total Synthesis of Nucleobase-Modified Adenophostin A Mimics


Satoshi Shuto,[a, b] Graeme Horne,[a] Rachel D. Marwood,[a] and Barry V. L. Potter*[a]


Abstract: The adenophostins exhibit
approximately 10 ± 100 times higher re-
ceptor binding and Ca2� mobilising po-
tencies in comparison with the natural
second messenger d-myo-inositol 1,4,5-
trisphosphate [Ins(1,4,5)P3]. Despite
many synthetic attempts to determine
the minimal structural requirement for
this unusual behaviour of the adeno-
phostins, few related simplified ana-
logues displaying higher activity than
that of Ins(1,4,5)P3 have been reported.
However, biological evaluation of such
analogues has revealed that one of the
key factors for the enhanced biological
activity is the adenine moiety. To further
understand the effect that the adenine
base has upon the activity of the adeno-


phostins, congeners in which this func-
tionality is replaced by uracil, benzimi-
dazole, 2-methoxynaphthalene, 4-meth-
ylanisole and 4-methylnaphthalene
using the common intermediate 1,2-di-
O-acetyl-5-O-benzyl-3-O-(3,4-di-O-ace-
tyl-2,6-di-O-benzyl-a-d-glucopyrano-
syl)-ribofuranose have been synthesised
using a base replacement strategy. The
synthesis of the uracil and benzimida-
zole analogues was achieved using the
Vorbrüggen condensation procedure.
The 1'-C-glycosidic analogues were pre-
pared using Friedel ± Crafts type C-aryl


glycosidation reactions. Phosphate
groups were introduced using the phos-
phoramidite method with subsequent
removal of all-benzyl protecting groups
by catalytic hydrogenation or catalytic
hydrogen transfer. Apart from one ana-
logue with an a-glycosidic linkage all
compounds were more potent than
Ins(1,4,5)P3 and most tended more to-
wards adenophostin in activity. These
analogues will be valuable tools to un-
ravel the role that the adenine moiety
plays in the potent activity of the
adenophostins and demonstrate that this
strategy is effective at producing highly
potent ligands.Keywords: adenophostin ´ C-glyco-


sides ´ cyclitols ´ signal transduction


Introduction


The intracellular messenger 1-d-myo-inositol 1,4,5-trisphos-
phate [Ins(1,4,5)P3 , 1] (Figure 1) mobilises Ca2� from intra-
cellular stores upon binding to its specific receptor;[1] this
results in an increase in cytosolic Ca2� concentration that can
regulate intracellular functions and control further release of
Ca2� from intracellular stores.[2] Because of its significant
biological importance[3, 4] numerous analogues of Ins(1,4,5)P3


have been extensively studied to develop specific ligands for
the Ins(1,4,5)P3 receptor to elucidate mechanistic aspects of
Ins(1,4,5)P3-mediated Ca2� signalling pathways.[5] However,
to date none of these inositol-based analogues has surpassed
Ins(1,4,5)P3 in binding affinity for the Ins(1,4,5)P3 receptor or
in Ca2� mobilising ability.


Recently, adenophostins A (2) and B (3) were isolated from
Pencillium brevicompactum[6] and have been shown to be full
agonists with affinities for Ins(1,4,5)P3 receptors that are 10 ±
100 fold greater than Ins(1,4,5)P3 .[6±10] Chemically, the ad-
enophostins resemble Ins(1,4,5)P3 in that the trans diequato-
rial bisphosphate arrangement flanked by a hydroxyl group
(C-2'') which has been identified as a key point of the
biological activity of Ins(1,4,5)P3 is present (Figure 2).


Consequently all synthetic adenophostin analogues, to date,
have this arrangement conserved. Attempts to determine
which of the remaining structural features of the adenophos-
tins are responsible for their high affinity interactions with
Ins(1,4,5)P3 receptors have resulted in the synthesis and
biological evaluation of several related compounds[9±11] in-
cluding 4 ± 9 (Figure 1). To date, only one compound,
possessing a ring-opened ribose surrogate ªacyclophostinº[11h]


has shown similar activity.[11f] From these studies (summarised
in the SAR of Figure 2) the following observations regarding
the structural requirements for adenophostin-like activity
were apparent: 1) the a-d-glucopyranose structure is a good
bioisostere of the myo-inositol backbone of Ins(1,4,5)P3 ;
2) the three-dimensional arrangement of the three phosphate
groups of adenophostin and its analogues is essential for
biological activity; and 3) the adenine moiety enhances
activity. To further understand the role that the adenine
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moiety plays in the high potency of the adenophostins (e.g.
hydrogen bonding, hydrophobic interaction or a combination
of the two) and what components of the adenine ring, if any,
are instrumental for such activity, we recently reported the
synthesis and evaluation of two adenophostin analogues in
which the adenine moiety was replaced with an imidazole ring
(10) and a purine ring (11).[12] The results of this study
suggested that, although a purine ring (or equivalent) is
necessary for high potency, the 6-amino substituent does not
contribute greatly to the activity of adenophostin A and thus a
hydrogen-bond interaction with the receptor via the N 6-
amino group appears to be unlikely. However, adenophostin


has three additional ªpotentialº
hydrogen-bonding sites (N 1, N 3


and N 7 in the adenine ring)
which could help explain the
high potency of interaction be-
tween adenophostin and the
Ins(1,4,5)P3 receptor that is ob-
served. To investigate the po-
tential of such hydrogen bond-
ing between both the N 1, N 3


and N 7 in adenophostin with
binding site residues in the
Ins(1,4,5)P3 receptor, and the
extent to which such interac-
tions and/or hydrophobic inter-
actions might contribute to the
binding efficiency and potency,
adenophostin analogues in
which the adenine ring has been
replaced with nucleobase sur-
rogates are required. We now
report here further elaboration
of our general methodology[12a]


with the synthesis of adeno-
phostin analogues in which the
adenine ring has been replaced
by uracil (12), benzimidazole
(13), 2-methoxynaphthalene
(14), 4-methylanisole (15) and
4-methylnaphthalene (16) (Fig-
ure 1). Some of these com-
pounds have been reported in
preliminary form.[12b]


Results and Discussion


The synthesis of adenophostin
analogues 12 ± 16 utilised the
common disaccharide 1,2-di-O-
acetyl-5-O-benzyl-3-O-(3,4-di-
O-acetyl-2,6-di-O-benzyl-a-d-
glucopyranosyl)-ribofuranose
(20, Figure 3) which has previ-
ously been prepared in this
laboratory and utilised in the
synthesis of adenophostin ana-
logues.[12]


This intermediate provides an excellent starting place for
the synthesis of adenophostin analogues and similar com-
pounds; the incorporation of acetates at positions 1 and 2 are
a prerequisite for Vorbrüggen condensation and Friedel ±
Crafts type C-aryl glycosidation, with the additional incorpo-
ration of acetates at positions 3' and 4' allowing for one-step
deprotection to yield the triols required for phosphorylation.
Additionally, the orthogonal benzyl groups at positions 5, 2'
and 6' would remain in place until the final deprotection step.
In this paper we explore further the versatility of 20 and have
also made some improvements en route to 20. Although the
disaccharide 20 is a versatile intermediate for synthesising
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Figure 1. Ins(1,4,5)P3 (1), the adenophostins (2, 3) and analogues (4 ± 16).
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Figure 2. Key features of adenophostin A that contribute to its high-affinity binding at the Ins(1,4,5)P3 receptor.
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various adenophostin analogues, there were some drawbacks
in the previously reported route to 20. Consequently, techni-
cal improvements have been made, the results of which are
shown in Scheme 1. These improvements primarily concern
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Scheme 1. Details regarding further synthetic information can be found in
the original paper[12a] i) a) Ac2O, DMAP, CH3CN, RT, 1 h; b) PdCl2,
MeOH, CH2Cl2, 10 ± 20 8C, 18 h (18, 93 %); ii) a) 90 % aq TFA, RT, 5 min;
b) Ac2O, DMAP, CH3CN, RT, 30 min (20, 80%).


two steps from the original synthesis; the synthesis of 3,4-di-
O-acetyl-2,6-di-O-benzyl-d-glucopyranoside (18), and the
synthesis of 1,2-di-O-acetyl-5-O-benzyl-3-O-(3,4-di-O-acetyl-
2,6-di-O-benzyl-a-d-glucopyranosyl)-d-ribofuranose (20).
For the original experimental details please refer to the
previously reported synthesis.[12a] Glycosyl donor 18 was
previously prepared by successive treatment of 17 with
Ac2O/pyridine and PdCl2 in MeOH/dichloromethane in
78 % yield. However, it was found that this procedure was
occasionally low yielding. By altering the original conditions
for acetylation to three equivalents of Ac2O and three
equivalents of DMAP in acetonitrile, with subsequent re-
moval of the anomeric O-allyl group we were able to obtain 18
reproducibly in high yield (>90 %). Further problems with
the original synthesis of 20 occurred with the acidic hydrolysis
of the cis-isopropylidene group of 19. Previously, this step was
carried out by refluxing an AcOH/H2O solution of 19 in the
presence of ethylene glycol. It was found that this reaction was
difficult to reproduce in the reported yield and frequently
yielded side-products. Furthermore, the purification was
problematic due to the difficulty in separating the resulting
diol from ethylene glycol. Consequently, a more convenient
method for the synthesis of 20 was required. Treatment of 19
with 90 % aqueous TFA for five minutes at room temperature
followed by evaporation of reaction solvent, yielded the
corresponding cis-diol, which was acetylated without further
purification using Ac2O/DMAP in acetonitrile. This one-pot


method yielded 20 in 80 %
overall yield and was a more
convenient procedure than the
previously reported lower
yielding preparation.


The preparation of the uracil-
and benzimidazole-containing
targets (12 and 13) followed
the standard Vorbrüggen con-
densation procedure.[12] Treat-
ment of 20 with silylated uracil
(Scheme 2) and trimethylsilyl


trifluoromethane sulfonate (TMSOTf) in acetonitrile at room
temperature afforded uracil derivative (21) in 93 % yield.
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Figure 3. Versatility and synthetic utility of orthogonally protected disaccharidic donor 20.
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Scheme 2. i) Uracil, (NH4)2SO4, N,N,N',N'-hexamethyldisilazane, reflux,
3 h then residue dissolved in CH3CN, TMSOTf, room temperature, 1 h (21,
93%); ii) benzimidazole, (NH4)2SO4, N,N,N',N'-hexamethyldisilazane, re-
flux, 3 h then residue dissolved in acetonitrile, SnCl4, room temperature,
1 h (24, 51 %); iii) NaOMe/MeOH, room temperature, 3 h (22, 88%; 25,
87%); iv) 1H-tetrazole, dibenzyl(diisopropyl)phosphoramidite, CH2Cl2,
RT, 3 h, then, mCPBA, ÿ78 8C, (23, 85 %; 26, 79%); v) Pd/C, H2,
methanol, room temperature, 18 h (12, 98%); vi) Pd(OH)2, cyclohexene,
methanol, reflux, 90 min (13, 74%).
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Similarly, reaction between silylated benzimidazole and
TMSOTf in acetonitrile afforded the desired benzimidazole
derivative 24 in only 44 % yield. However, use of tin(iv)-
chloride (SnCl4) as promoter instead of TMSOTf improved
the yield of the benzimidazole derivative by 7 %. The acetyl
groups of 21 and 24 were removed under ZempleÂn condi-
tions[13] yielding triols 22 and 25, respectively. Phosphate
groups were introduced using the phosphoramidite method.
Treatment of 22 and 25 with dibenzyldiisopropylphosphor-
amidite and 1H-tetrazole in dichloromethane followed by
oxidation with mCPBA provided the corresponding tris(di-
benzylphosphate) derivatives 23 and 26, respectively. Oxida-
tion of the intermediate trisphosphites was carried out at
room temperature or at ÿ20 8C. Simultaneous removal of all
benzyl protecting groups was investigated by catalytic hydro-
genation. When uridine derivative 23 in methanol was treated
with Pd/C under atmospheric pressure of H2 target compound
12 was obtained in high yield. However, similar treatment of
the benzimidazole derivative 26 resulted in reduction of the
aromatic aglycon moiety (analysis of reaction product by
1H NMR). Removal of the benzyl protecting groups of 26 was
achieved by catalytic hydrogen transfer[14] using palladium
hydroxide [Pd(OH)2] as catalyst and cyclohexene as transfer
reagent providing 13 in 74 % yield.


Attention was now turned to the construction of the 1' C-
aryl glycosides (14 ± 16). O-Glycosides are usually prepared
by reaction of an appropriate glycosyl donor, which is usually
electrophilic and activated at the anomeric position, with a
nucleophilic glycosyl acceptor in the presence of a promoter.
The extension of this methodology to the synthesis of C-aryl
glycosides can be considered to be an example of the Friedel ±
Crafts reaction.[15, 16] However, due to the weak nucleophilic-
ity of the aryl ring, strong Lewis acids are often required as
promoters.[17] This can be overcome by using an aromatic
moiety which has been activated by electron-donating sub-
stituents, such as a hydroxyl or methoxy group or a fused
second aromatic group, which require milder conditions for
activation. Generally, carbohydrates bearing either acetyl or
halogeno groups at the anomeric position are the donors used
with the acetates requiring stronger activation than the
halides. However, despite reduced reactivity, the anomeric
acetates are generally the higher yielding. Another important
factor in the success of reaction is the ring size of the glycosyl
donor with pyranoses being more stereoselective than the
furanoses with anomeric mixtures often resulting from use of
the latter. When a pyranose sugar is used as the donor, unlike
O-glycosylation, the presence of a participating group[18] at
C-2 is not essential for controlling the stereoselectivity of the
reaction; generally the more stable b-anomer, in which an
aromatic ring at the anomeric position is in an equatorial
orientation, will prevail. It has been proposed that under
Lewis acidic conditions, these Friedel ± Crafts C-aryl
glycosidation products are in an equilibrium between the a-
and b-anomers involving the pyranose ring-opened inter-
mediate, giving rise to the thermodynamically favoured
product.[15a] However, due to the similarity in stability of
both anomers, when furanose sugars are used as the glycosyl
donor, the reactions often result in yielding the anomeric
mixture.


Recently, Kuribayashi and co-workers have found that
SnCl4/AgCO2CF3 is an efficient combination to promote b-
selective Friedel ± Crafts type C-aryl glycosidation reac-
tions.[16f,g] A variety of C-aryl glycosides were prepared using
this system from 1-O-acetyl sugars and aromatics substituted
with a methoxy group. The yields for these conversions were
42 ± 89 % (a :b, 26:74 to 0:100); the tri-O-acetyl-b-anisoyl-
ribofuranose was obtained as the major product in 62 % yield
(a :b, 26:74) with per-acetylated ribofuranose as the glycosyl
donor. Application of this methodology to common inter-
mediate 20 and 2-methoxynaphthalene using conditions
similar to those of Kuribayashi (donor:acceptor:SnCl4:
AgCO2CF3� 1:2:1.5:3, CH2Cl2, 0 8C) gave the desired C-gly-
coside in only 35 % yield as an anomeric mixture (27, a :b�
1:8). Adaptation of the Kuribayashi conditions (donor:
acceptor:SnCl4:AgCO2CF3� 1:20:1.5:2, CHCl3, 20 8C,
Scheme 3) resulted in a vast improvement in the overall yield
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Scheme 3. i) 2-Methoxynaphthalene/1-methylnaphthalene, AgCO2CF3,
SnCl4, chloroform, room temperature, 45 min (27, 73 %, a/b ratio 15:85
based on 1H NMR analysis; 33, 46%, %, a/b ratio 35:65 based on 1H NMR
analysis); ii) NaOMe/MeOH, room temperature, 3 h (28, 81%; 28 a, 5%;
34, 57%; 34 a, 31%); iii) 1H-tetrazole, dibenzyl(diisopropyl)phosphorami-
dite, CH2Cl2, RT, 3 h, then, mCPBA, ÿ78 8C, (29, 92 %; 35, 62%);
iv) Pd(OH)2, cyclohexene, methanol, reflux, 90 min (14, 64 %; 16, 67%).


(74 %) but no improvement in the anomeric selectivity.
Similar treatment of 4-methyl anisole and 1-methylnaphtha-
lene with 20 in the presence of SnCl4/AgCO2CF3 provided the
corresponding C-aryl glycosides 30 (see Scheme 4) in 67 %
(a :b� 1:1), and 33 (see Scheme 3) in 46 % yield (a :b� 1:2),
respectively. Although these anomeric mixtures were insep-
arable at this stage and their regiochemistries were not
confirmed, comparison with previous studies carried out on
Friedel ± Crafts type C-glycosidation reactions with 2-methoxy-
naphthalene,[16f] 4-methylanisole,[16f] and 1-methylnaphthale-
ne[16c] suggested that C-glycosides had been formed at the
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1-position of 2-methoxynaphthalene, at the 2-position of
4-methylanisole, and at the 4-position of 1-methylnaphtha-
lene. The acetyl groups of the anomeric mixtures 27, 30, and 33
were removed with catalytic sodium methoxide in methanol
at room temperature yielding the corresponding triols, which
were separated by silica gel chromatography providing 28 and
28 a, 31 and 31 a, and 34 and 34 a, respectively. The stereo- and
regiochemistries of C-glycosides 28 and 31 were confirmed by
NOESY spectroscopy (Figure 4). The 1H NMR spectrum of
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Figure 4. NOE correlations found for 28 and 31.


28 revealed two doublets at d� 8.34 (H-8, J7,8� 8.3 Hz) and
7.74 (H-5, J5,6� 8.3 Hz) and a pair of doublets at 7.79 (H-4,
J3,4� 8.8 Hz) and 7.25 (H-3, J3,4� 8.8 Hz), which also support-
ed the conclusion that the glycosyl moiety had substituted at
the 1-position of the naphthalene ring. J1',2' values for several
C-aryl ribosides have been reported (J1',2' a-linked <J1',2' b-
linked, typically 2 ± 3 Hz for a-linked and 7 ± 8 Hz for b-
linked) and agreed well with those obtained for 28 and 28 a
(3.4 Hz and 7.3 Hz, respectively), 31 and 31 a (3.7 Hz and
4.9 Hz, respectively), and 34 and 34 a (3.1 Hz and 3.5 Hz,
respectively). Phosphate units were introduced by the phos-
phoramidite method as previously described for 22 and 25.
Removal of all benzyl protecting groups was attempted by
catalytic hydrogenation but, as in the case for 26, the aromatic
moieties of 29, 32 and 35, appeared to be reduced (1H NMR
analysis). However, treatment with Pd(OH)2 in the presence
of cyclohexene in methanol at reflux yielded the correspond-
ing trisphosphates 14, 15 and 16, respectively.


Additionally, an a-C-aryl glycoside analogue of adeno-
phostin A was synthesised; the Friedel ± Crafts type acylation
of 20 with 4-methylanisole provided both anomers of 30 in
approximately equal amounts which after separation of the
triols 31 and 31 a provided sufficient material for the synthesis
of the a-congener to be viable. Consequently, phosphitylation
followed by oxidation of triol 31 a yielded fully protected 32 a
which after deprotection yielded trisphosphate 15 a as the free
acid (Scheme 4).


All trisphosphate targets were obtained and stored as the
corresponding Na� salt and accurately quantified by total
phosphate assay.


For all the modified compounds the EC50 of each was
evaluated for Ca2� mobilising ability in permeabilised hep-
atocytes relative to Ins(1,4,5)P3 [145 nm] and our synthetic
adenophostin A[19] [14.7 nm]. Uridophostin (12) was found to
be the most active compound [34 nm], followed by the
benzimidazole derivative 13 [48 nm], the b-4-methylanisolyl
derivative 15 [48 nm], the b-4-methylnaphthalenyl derivative
16 [62 nm] and the b-2-methoxynaphthalenyl derivative 14
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Scheme 4. i) 4-Methylanisole, AgCO2CF3, SnCl4, chloroform, RT, 45 min
(30, 67 %, a/b ratio 1:1 based on 1H NMR analysis); ii) NaOMe/MeOH,
RT, 3 h (31, 38%; 31 a, 36 %); iii) 1H-tetrazole, dibenzyl(diisopropyl)phos-
phoramidite, CH2Cl2, RT, 3 h, then, mCPBA, ÿ78 8C, (32, 96 %; 32a,
87%); iv) Pd/C, H2, methanol, RT, 75 min (15, 80 %, 15 a, 80 %).


[99 nm]. Thus, all these compounds are more potent than
Ins(1,4,5)P3 and some have activity close to adenophostin A.
The a-configured 4-methylanisolyl derivative 15 a showed a
drastic decrease in potency [1372 nm] relative to the a-anomer
[48 nm] and was even some 10 times weaker than Ins(1,4,5)P3 .


These results show that a base-modification approach
represents a powerful strategy to develop high potency
ligands. They also show that simple ring replacements of
adenine can indeed produce highly potent compounds, more
potent indeed than the single ring imidazole derivative we
recently reported [108 nm].[12a] Additionally, we establish that
naphthalene-based surrogates, completely unrelated to natu-
ral purine nucleobases, are relatively well tolerated and that a
b-configuration is a prerequisite for potent adenophostin A-
like activity. We also demonstrate that the traditional
N-glycosidic linkage can be effectively replaced by a C-gly-
cosidic one. These biological results and the pharmacological
implications have been reported fully elsewhere.[19]


Thus, we further demonstrate that the nucleobase motif of
adenophostin A can be replaced by both natural and un-
natural surrogates and still maintain the high activity of the
adenophostins. Our synthetic route to these modified com-
pounds is versatile and should facilitate the synthesis of a
range of further base-modified ligands, some with novel and
finely tuned activity at the Ins(1,4,5)P3 receptor.
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The synthesis of the C-glycosidic analogue of adenophos-
tin A and its uracil congener has recently been reported.[20]


We have also recently reported modifications to the pyranose
moiety of adenophostin A.[21]


Experimental Section


General methods : Chemicals were purchased from Aldrich, Fluka and
Sigma. Dry toluene and dichloromethane were distilled from calcium
hydride and stored over 4 � molecular sieves. Acetonitrile was distilled
from phosphorous pentoxide and stored over 3 � molecular sieves.
Pyridine was dried over potassium hydroxide pellets, distilled and then
stored over potassium hydroxide pellets. Molecular sieves (3 and 4 �) were
pre-dried in an oven and activated for three hours under vacuum at 250 8C.
Ether is diethyl ether. All aqueous (aq) solutions are saturated unless
otherwise stated. Reactions were carried out at room temperature under a
nitrogen atmosphere in pre-dried glassware unless otherwise stated.
Analytical thin-layer chromatography (TLC) was performed on pre-coated
plates (Merck TLC aluminium sheets, silica 60 F254, Art. No. 5554): the
products were visualised by UV radiation and staining with ethanolic
phosphomolybdic acid followed by heating. Column chromatography was
carried out under pressure on Sorbsil C60 silica gel. NMR spectra (31P, 1H,
13C) were recorded on either a JEOL GX270 or EX 400 or a Varian
Mercury 400 spectrometer with signals being assigned by 1D, DEPT, and
2D spectra (COSY, HETCOR, NOESY). Chemical shifts are quoted in
parts per million (ppm) relative to tetramethylsilane (TMS), deuterium
oxide (D2O), [D]chloroform (CDCl3), [D4]methanol (CD3OD). Coupling
constants are quoted in Hz and refer to 3JH,H unless otherwise stated. The
31P NMR shifts were measured in ppm relative to external 85 % phosphoric
acid. Low-resolution mass spectra were recorded by the University of Bath
Mass Spectrometry Service using fast atom bombardment (FAB,�ve and -
ve) with 3-nitrobenzyl alcohol (NBA) as the matrix. High-resolution mass
spectrometry (HRMS) was also carried out by the University of Bath Mass
Spectrometry Service.


Free acids of final trisphosphates (12 ± 15, 15a) were converted into and
stored as the corresponding Na� salt obtained by the following procedure:
the free acid was dissolved in water and applied to a Diaion WK-20 resin
column (Na� form) and developed with water. The eluent was evaporated
in vacuo and the residue was co-evaporated with ethanol to give the
corresponding sodium salt.


Total phosphate quantification was carried out using either a modified
Briggs test[22] or the Ames assay.


Mass spectra of target trisphosphates (12 ± 15, 15 a) were obtained as the
corresponding triethylammonium salts prepared as follows: an aqueous
solution of the sodium salt of 12 ± 15, 16a was passed through a short
column of Dowex 50 (H� form, developed with water) and the eluent was
evaporated under reduced pressure. The resulting residue was dissolved in
0.5m triethylammonium bicarbonate buffer, which was evaporated in
vacuo to give the corresponding triethylammonium salts as solids.


3,4-Di-O-acetyl-2,6-di-O-benzyl-d-glucopyranose (18): A mixture of 17[12a]


(400 mg, 1 mmol), DMAP (366 mg, 3 mmol) and Ac2O (300 mL, 3 mmol) in
acetonitrile (15 mL) was stirred at room temperature for 1 h. Methanol was
added and the solvent was evaporated under reduced pressure with the
resulting residue being partitioned between chloroform and 0.5n HCl. The
organic layer was washed with brine, dried (MgSO4) and evaporated under
reduced pressure. The residue was purified by silica gel chromatography
(hexane/ethyl acetate 10:1 then 5:1) to give allyl 3,4-di-O-acetyl-2,6-di-O-
benzyl-a-d-glucopyranose as an oil (490 mg, quant.). The oil was then
dissolved in methanol/dichloromethane (1:1, 6 mL) to which PdCl2 (34 mg,
0.2 mmol) was added. The resulting mixture was stirred at 10 ± 20 8C for
18 h after which the solution was filtered through Celite and the resulting
filtrate was evaporated under reduced pressure. The resulting residue was
then partitioned between chloroform and brine with the organic layer being
dried (MgSO4) and concentrated. The crude residue was purified by silica
gel chromatography (hexane/ethyl acetate 5:1 then 3:1) yielding the title
compound as white solids (18, 412 mg, 93 %). 1H NMR spectrum was in
accord with that of previously reported compound.[12a]


1,2-Di-O-acetyl-5-O-benzyl-3-O-(3,4-di-O-acetyl-2,6-di-O-benzyl-a-d-glu-
copyranosyl)-d-ribofuranose (20): A solution of 19 (141 mg, 0.2 mmol) in
aqueous TFA (90 %, 3 mL) was stirred at room temperature for 5 min. The
solution was diluted with water and the mixture was concentrated under
reduced pressure. The resulting residue was partitioned between ethyl
acetate and 0.5n NaHCO3 and the organic layer was washed with brine,
dried (MgSO4) and concentrated yielding the corresponding cis-diol as a
non-isolated intermediate. Acetonitrile (3 mL) was added followed by
Ac2O (60 mL, 0.6 mmol) and DMAP (73 mg, 0.6 mmol) and the mixture
was stirred at room temperature for 30 min. Methanol was then added and
the solvent removed under reduced pressure. The resulting residue was
partitioned between chloroform and 0.5n HCl. The organic layer was
washed with brine, dried (MgSO4) and concentrated. The resulting crude
residue was purified by silica gel chromatography (hexane/ethyl acetate 5:1
then 3:1) yielding title compound as white solids (20, 119 mg, 80 %) of
which 1H NMR spectrum was in accord with the authentic compound.[12a]


2'-O-Acetyl-5'-O-benzyl-3'-O-(3,4-di-O-acetyl-2,6-di-O-benzyl-a-d-gluco-
pyranosyl)uridine (21): A mixture of uracil (90 mg, 0.80 mmol) and
(NH4)2SO4 (4 mg) in N,N,N',N'-hexamethyldisilazane (1.0 mL) was heated
under reflux for 3 h. The solvent was evaporated under reduced pressure
and the residue was co-evaporated with toluene to give silylated uracil as a
non-purified residue. To a mixture of crude material and 20 (150 mg,
0.20 mmol) in acetonitrile (5 mL) was added TMSOTf (146 mL, 0.80 mmol)
at 0 8C and the resulting mixture was stirred at room temperature for 1 h.
The mixture was filtered through Celite with insoluble materials and Celite
being washed with ethyl acetate. The filtrate and collected washings were
combined, washed with NaHCO3 and brine, dried (MgSO4) and concen-
trated in vacuo. The crude residue was purified by silica gel chromatog-
raphy (hexane/ethyl acetate 2:1 to 1:1) providing 21 (150 mg, 93%).
1H NMR (400 MHz, CDCl3): d� 8.70 (br s, 1H, NH), 7.74 (d, J� 8.3, 1H,
H-6), 7.39 ± 7.24 (m, 15 H, ArH), 6.18 (d, J� 4.9, 1 H, H-1'), 5.40 (dd, J� 9.8,
10.3, 1 H, H-3''), 5.40 (dd, J� 2.5, 8.3, 1 H, H-5), 5.19 (dd, J� 4.9, 5.4, 1H,
H-2'), 5.01 (dd, J� 9.5, 9.8, 1H, H-3''), 4.99 (d, J� 3.4, 1H, H-1''), 4.64, 4.34
(AB, 2H, CH2Ph), 4.53 ± 4.40 (m, 6 H, H-3', H-4', 2�CH2Ph), 3.92 (m, 1H,
H-5''), 3.76 (dd, J� 2.0, 10.7, 1 H, H-5'a), 3.65 (dd, J� 1.5, 10.7, 1 H, H-5'b),
3.55 (dd, J� 3.4, 10.3, 1 H, H-2''), 2.99 (m, 2 H, H-6''), 1.96, 1.93, 1.89 (3� s,
9H, 3�OAc); HRMS-FAB:m/z : calcd for C42H47N2O14 803.3027 [M�H]� ,
found: 803.2969; UV (methanol): lmax� 255 nm.


1-Benzimidazolyl-5-O-benzyl-3-O-(3,4-di-O-acetyl-2,6-di-O-benzyl-a-d-
glucopyranosyl)-b-d-ribofuranose (24): A mixture of benzimidazole
(947 mg, 0.40 mmol) and (NH4)2SO4 (1 mg) in N,N,N',N'-hexamethyldisil-
azane (1.0 mL) was heated under reflux for 3 h. The solvent was evaporated
in vacuo and the residue was co-evaporated with toluene to give silylated
benzimidazole as a non-isolated residue. To a mixture of this residue and 20
(75 mg, 0.10 mmol) in acetonitrile (2 mL) was added SnCl4 (1.0m in
CH2Cl2, 400 mL, 0.40 mmol) at 0 8C and the resulting mixture was stirred at
room temperature for 1 h. The mixture was filtered through Celite and the
insoluble materials and Celite were washed with ethyl acetate. The filtrate
and washings were combined and washed with NaHCO3 and brine, dried
(MgSO4) and concentrated in vacuo. The resulting residue was purified by
silica gel chromatography (hexane/ethyl acetate 5:4 to 1:1) to give 25
(41 mg, 51%). 1H NMR (400 MHz, CDCl3): d� 8.19 (s, 1H, H-2), 7.80 (d,
J� 7.8, 1 H, Hbenzimidazole), 7.64 (d, J� 8.3, 1 H, Hbenzimidazole), 7.39 ± 7.20 (m,
16H, Hbenzimidazole, ArH), 7.16 (dd, J� 7.3, 7.8, 1 H, Hbenzimidazole), 6.15 (d, J�
6.4, 1H, H-1'), 5.47 (dd, J� 9.8, 10.2, 1H, H-3''), 5.38 (dd, J� 5.9, 6.4, 1H,
H-2'), 5.02 (dd, J� 9.8, 9.8, 1H, H-4''), 4.91 (d, J� 3.9, 1 H, H-1''), 4.65 (dd,
J� 3.4, 5.9, 1H, H-3'), 4.63 ± 4.36 (m, 7H, H-4', 3�CH2Ph), 4.01 (m, 1H,
H-5''), 3.69 (dd, J� 2.4, 10.7, 1H, H-5'a), 3.66 (dd, J� 2.0, 10.7, 1H, H-5'b),
3.55 (dd, J� 3.9, 10.2, 1H, H-2''), 3.99 (d, J� 3.9, 2H, H-6''), 2.00, 1.95, 1.85
(3� s, 9H, 3�OAc); HRMS-FAB: m/z : calcd for C45H49N2O12: 809.3286
[M�H]� , found: 809.3321.


2-O-Acetyl-5-O-benzyl-1-(2-methoxynaphthalenyl)-3-O-(3,4-di-O-acetyl-
2,6-di-O-benzyl-a-d-glucopyranosyl)-d-ribofuranose (27): SnCl4 (94 mL,
0.80 mmol) was added at room temperature to a mixture of 20 (300 mg,
0.40 mmol), 2-methoxynaphthalene (1.27 g, 8.0 mmol) and AgCO2CF3


(132 mg, 0.60 mmol) in chloroform and the resulting mixture was stirred
at room temperature for 45 min. NaHCO3 was added and the mixture was
stirred at room temperature for an additional 5 min. The mixture was
filtered though Celite and the insoluble materials and Celite was washed
with chloroform. The filtrate and washings were combined and washed with
brine, dried (MgSO4) and concentrated in vacuo. The resulting residue was
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purified by silica gel chromatography (hexane/ethyl acetate 4:1 to 3:1)
yielding title compound as a syrup (27, 233 mg, 73%, a/b ratio was 15:85
based on 1H NMR analysis). 1H NMR (400 MHz, CDCl3): d� 8.63 (d, J�
8.5, 0.15 H, Hnaphthalenea), 8.32 (d, J� 8.6, 0.85 H, Hnaphthaleneb), 7.82 (d, J� 8.9,
0.85 H, Hnaphthaleneb), 7.78 ± 7.68 (m, 1.15H, 2�Hnaphthalenea, Hnaphthaleneb), 7.53
(m, 1H, Hnaphthalenea, Hnaphthaleneb), 7.34 ± 7.18 (m, 17H, ArH, 2�Hnaphthalenea,
2�Hnaphthaleneb), 6.21 (d, J� 2.8, 0.15 H, H-1'a), 5.94 (d, J� 7.3, 0.85 H,
H-1'b), 5.81 (dd, J� 2.8, 4.1, 0.15 H, H-2'a), 5.64 (dd, J� 7.0, 7.3, 0.85 H,
H-2'b), 5.51 (dd, J� 9.5, 10.0, 0.85 H, H-3''b), 5.44 (dd, J� 9.8, 9.8, 0.15 H,
H-3''a), 5.15 (dd, J� 4.3, 8.9, 0.15 H, H-4''a), 5.11 ± 5.03 (m, 1.7 H, H-1''b,
H-4''b), 4.91 (d, J� 4.3, 0.15 H, H-1''a), 4.70 ± 3.82 (m, 14H, 3�CH2Ph,
H-3', H-4', H-5', H-5'', OCH3), 3.60 ± 3.31 (m, 3 H, H-2'', H-6''), 2.17, 1.97,
1.92, 1.88, 1.85 (5� s, 9H, 3�OAc); HRMS-FAB: m/z : calcd for C49H53O13:
849.3486 [M�H]� , found: 849.3462.


2-O-Acetyl-5-O-benzyl-1-(4-methylanisol-2-yl)-3-O-(3,4-di-O-acetyl-2,6-
di-O-benzyl-a-d-glucopyranosyl)-d-ribofruanose (30): SnCl4 (94 mL,
0.80 mmol) was added at room temperature to a mixture of 20 (300 mg,
0.40 mmol), 4-methylanisole (977 mg, 8.0 mmol) and AgCO2CF3 (132 mg,
0.60 mmol) in chloroform and the resulting mixture was stirred at room
temperature for 45 min. NaHCO3 was added and the mixture was stirred at
room temperature for an additional 5 min. The mixture was filtered though
Celite and the insoluble materials and Celite were washed with chloroform.
The filtrate and washings were combined and washed with brine, dried
(MgSO4) and concentrated in vacuo. The resulting residue was purified by
silica gel chromatography (hexane/ethyl acetate 5:1 to 3:1) yielding title
compound as a syrup (30, 217 mg, 67 %, a/b 1:1 based on 1H NMR
analysis). 1H NMR (400 MHz, CDCl3): d� 7.39 ± 7.16 (m, 16 H, ArH,
Hanisolyl), 7.05 (dd, J� 1.8, 8.2, 0.5 H, Hanisolyl), 6.99 (dd, J� 1.8, 8.2, 0.5H,
Hanisolyl), 6.77 (d, J� 8.2, 0.5H, Hanisolyl), 6.67 (d, J� 8.2, 0.5H, Hanisolyl), 5.84
(dd, J� 3.4, 3.7, 0.5H, H-2'b), 5.48 (d, J� 3.1, 0.5 H, H-2'a), 5.43 ± 5.36 (m,
1H, H-1'a, H-3''b), 5.27 (d, J� 3.1, 0.5 H, H-3''a), 5.14 (d, J� 3.7, 0.5H,
H-1'b), 5.08 ± 5.03 (m, 1 H, H-4''), 4.75 ± 4.12 (m, 9H, 3�CH2Ph, H-1'', H-3',
H-5''), 3.97 ± 3.73 (m, 6H, H-4', H-5', OCH3), 3.58 ± 3.51 (m, 1H, H-2''),
3.35 ± 3.12 (m, 2H, H-6''), 2.27, 2.18, 2.04, 1.91, 1.88, 1.87, 1.86 (7� s, 12H,
CH3Ph, 3�OAc); HRMS-FAB: m/z : calcd for C46H53O12: 813.3486
[M�H]� , found: 813.3486.


2-O-Acetyl-5-O-benzyl-1-(4-methylnaphthalenyl)-3-O-(3,4-di-O-acetyl-
2,6-di-O-benzyl-a-d-glucopyranosyl)-d-ribofruanose (33): SnCl4 (94 mL,
0.80 mmol) was added at room temperature to a mixture of 20 (300 mg,
0.40 mmol), 1-methylnaphthalene (1.14 g, 8.0 mmol) and AgCO2CF3


(132 mg, 0.60 mmol) in chloroform and the resulting mixture was stirred
at room temperature for 45 min. NaHCO3 was added and the mixture was
stirred at room temperature for an additional 5 min. The mixture was
filtered though Celite and the insoluble materials and Celite was washed
with chloroform. The filtrate and washings were combined and washed with
brine, dried (MgSO4) and concentrated in vacuo. The resulting residue was
purified by silica gel chromatography (hexane/ethyl acetate 4:1 to 3:1)
yielding title compound as a syrup (33, 152 mg, 46 %, a/b ratio was 35:65
based on 1H NMR analysis). 1H NMR (400 MHz, CDCl3): d� 8.04 ± 7.20
(m, 21H, ArH, Hnaphthalenyl), 5.97 ± 5.53 (m, 1 H, H-2'), 5.52 ± 5.34 (m, 2H,
H-1', H-3''), 5.15 ± 4.87 (m, 3H, H-3', H-1'', H-4''), 4.67 ± 4.22 (m, 8 H, 3�
CH2Ph, H-4', H-5''), 3.95 ± 3.74 (m, 2 H, H-5'), 3.58 ± 3.51 (m, 1 H, H-2''),
3.40 ± 3.24 (m, 2H, H-6''), 2.69, 2.67 (2� s, 3 H, CH3Ph), 1.98, 1.95, 1.92, 1.89
(4� s, 9 H, OAc); HRMS-FAB: m/z : calcd for C49H53O12: 833.3537
[M�H]� , found: 833.3496.


5-O-Benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)uridine (22):
NaOMe (cat) was added to a solution of 21 (71 mg, 0.9 mmol) in methanol
(3 mL) and the solution was stirred at room temperature for 3 h. The
mixture was neutralised with 1m AcOH (in THF) and concentrated in
vacuo. The resulting residue was partitioned between chloroform and
brine, separated, and the organic layer was dried (MgSO4) and evaporated
under reduced pressure. The crude residue was purified by silica gel
chromatography (chloroform/methanol 30:1) yielding title compound (22,
solids, 54 mg, 88%). 1H NMR (400 MHz, CDCl3): d� 9.84 (br s, 1 H, NH),
7.61 (d, J� 7.8, 1H, H-6), 7.36 ± 7.21 (m, 15 H, ArH), 6.10 (d, J� 6.8, 1H,
H-1'), 5.39 (d, J� 7.8, 1H, H-5), 4.86 (d, J� 3.4, 1H, H-1''), 4.75, 4.70 (AB,
2H, CH2Ph), 4.53 ± 4.29 (m, 5-H, H-4', 2�CH2Ph), 4.15 (m, 1H, H-2'),
4.06 ± 4.00 (m, 2H, H-3', H-3''), 3.93 (br s, 1H, OH), 3.85 (m, 1 H, H-5''), 3.72
(d, J� 8.8, 1 H, H-6''a), 3.61 ± 3.43 (m, 5H, H-5', H-2'', H-4'', H-6''b), 2.19
(br s, 2H, 2�OH); HRMS-FAB: m/z : calcd for C36H41N2O11: 677.2710
[M�H]� , found: 677.2726.


1-Benzimidazolyl-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-
b-d-ribofuranose (25): NaOMe (catalytic quantity) was added to a solution
of 24 (65 mg, 0.4 mmol) in methanol (3 mL) and the solution was stirred at
room temperature for 3 h. The mixture was neutralised with 1m AcOH (in
THF) and concentrated in vacuo. The resulting residue was partitioned
between chloroform and brine, separated, and the organic layer was dried
(MgSO4) and evaporated under reduced pressure. The crude residue was
purified by silica gel chromatography (chloroform/methanol 60:1 to 40:1)
yielding title compound as a yellow syrup (25, 48 mg, 87%). 1H NMR
(400 MHz, CDCl3): d� 8.08 (s, 1H, H-2), 7.75 (d, J� 8.2, 1 H, Hbenzimidazole),
7.58 (d, J� 8.2, 1H, Hbenzimidazole), 7.36 ± 7.21 (m, 16H, Hbenzimidazole, ArH), 7.09
(dd, J� 7.6, 7.6, 1 H, Hbenzimidazole), 5.76 (d, J� 6.1, 1 H, H-1'), 4.87 (d, J� 3.7,
1H, H-1''), 4.77, 4.67 (AB, 2 H, CH2Ph), 4.55 ± 4.45 (m, 5 H, H-2', 2�
CH2Ph), 4.30 ± 4.26 (m, 2H, H-3', H-4'), 4.03 (dd, J� 9.2, 9.5, 1 H, H-3''),
3.85 (m, 1 H, H-5''), 3.71 ± 3.52 (m, 5H, H-5', H-4'', H-6''), 3.47 (dd, J� 3.7,
9.5, 1 H, H-2''); HRMS-FAB: m/z : calcd for C39H43N2O9: 683.2969 [M�H]�,
found: 683.2967.


5-O-Benzyl-1-(2-methoxynaphthalenyl)-3-O-(2,6-di-O-benzyl-a-d-gluco-
pyranosyl)-b-d-ribofuranose and 5-O-benzyl-1-(2-methoxynaphthalenyl)-
3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-a-d-ribofuranose (28 and 28a):
NaOMe (catalytic quantity) was added to a solution of 27 (340 mg,
0.4 mmol) in methanol (3 mL) and the solution was stirred at room
temperature for 3 h. The mixture was neutralised with 1m AcOH (in THF)
and concentrated in vacuo. The resulting residue was partitioned between
chloroform and brine, separated, and the organic layer was dried (MgSO4)
and evaporated under reduced pressure. The crude residue was purified by
silica gel chromatography (chloroform/acetone 60:1 to 50:1) yielding 5-O-
benzyl-1-(2-methoxynaphthalenyl)-3-O-(2,6-di-O-benzyl-a-d-glucopyra-
nosyl)-b-d-ribofuranose as a yellow syrup (28, 235 mg, 81%). 1H NMR
(400 MHz, CDCl3): d� 8.34 (d, J� 8.3, 1H, H-8), 7.79 (d, J� 8.8, 1 H, H-4),
7.74 (d, J� 8.3, 1 H, H-5), 7.34 ± 7.23 (m, 16H, H-6, ArH), 7.25 (d, J� 8.8,
1H, H-3), 7.18 (dd, J� 7.3, 8.3, 1H, H-7), 5.70 (d, J� 7.3, 1 H, H-1'), 4.94 (d,
J� 3.4, 1H, H-1''), 4.76 ± 4.48 (m, 7H, H-2', CH2Ph), 4.44 (dd, J� 5.9, 5.9,
1H, H-3'), 4.18 (m, 1H, H-4'), 4.03 (dd, J� 9.3, 9.3, 1H, H-3''), 3.91 ± 3.59
(m, 5H, H-5', H-5'', H-6''), 3.84 (s, 3 H, OMe), 3.56 (dd, J� 9.3, 9.3, 1H,
H-4''), 3.43 (dd, J� 3.4, 9.3, 1 H, H-2''); HRMS-FAB: m/z : calcd for
C43H46O10: 722.3091 [M�H]� , found: 722.3097; and 5-O-benzyl-1-(2-
methoxynaphthalenyl)-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-a-d-ri-
bofuranose (28a, 15 mg, 5 %): 1H NMR (400 MHz, CDCl3): d� 8.57 (d, J�
8.8, 1 H, Hnaphthalene), 7.81 (d, J� 9.3, 1H, Hnaphthalene), 7.73 (d, J� 8.3, 1H,
Hnaphthalene), 7.42 (dd, J� 8.3, 8.8, 1H, Hnaphthalene), 7.34 ± 7.29 (m, 17H, 2�
Hnaphthalene, 3�CH2Ph), 6.06 (d, J� 3.4, 1H, H-1'), 4.93 (d, J� 3.4, 1H,
H-1''), 4.72 ± 4.51 (m, 8 H, H-2', H-3', 3�CH2Ph), 3.98 (dd, J� 9.3, 9.3, 1H,
H-3''), 3.94 (s, 3H, OMe), 3.87 ± 3.56 (m, 7 H, H-4', H-5', H-4'', H-5'', H-6''),
3.38 (dd, J� 3.4, 9.3, 1H, H-2''); HRMS-FAB: m/z : calcd for C43H46O10:
722.3091 [M�H]� , found: 722.3089.


5-O-Benzyl-1-(4-methylanisol-2-yl)-3-O-(2,6-di-O-benzyl-a-d-glucopyra-
nosyl)-b-d-ribofuranose and 5-O-benzyl-1-(4-methylanisol-2-yl)-3-O-(2,6-
di-O-benzyl-a-d-glucopyranosyl)-a-d-ribofuranose (31 and 31 a): NaOMe
(catalytic quantity) was added to a solution of 30 (230 mg, 0.25 mmol) in
methanol (3 mL) and the solution was stirred at room temperature for 3 h.
The mixture was neutralised with 1m AcOH (in THF) and concentrated in
vacuo. The resulting residue was partitioned between chloroform and
brine, separated, and the organic layer was dried (MgSO4) and evaporated
under reduced pressure. The crude residue was purified by silica gel
chromatography (chloroform/acetone 30:1 to 20:1) yielding 5-O-benzyl-1-
(4-methylanisol-2-yl)-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-b-d-ribo-
furanose as a yellow syrup (31, 66 mg, 38%). 1H NMR (400 MHz, CDCl3):
d� 7.37 ± 7.27 (m, 16 H, H-3, ArH), 7.03 (dd, J� 2.1, 8.2, 1 H, H-5), 6.76 (d,
J� 8.2, 1 H, H-6), 5.18 (d, J� 4.9, 1H, H-1'), 4.85 (d, J� 3.7, 1 H, H-1''),
4.77 ± 4.43 (m, 6H, 3�CH2Ph), 4.25 ± 4.20 (m, 2H, H-3', H-4'), 4.12 (dd, J�
4.9, 4.9, 1H, H-2'), 3.98 (dd, J� 9.2, 9.2, 1H, H-3''), 3.82 ± 3.52 (m, 6H, H-5',
H-4'', H-5'', H-6''), 3.77 (s, 3 H, OMe), 3.40 (dd, J� 3.7, 9.2, 1 H, H-2''), 2.18
(s, 3H, Me); HRMS-FAB: m/z : calcd for C40H45O10: 685.3013 [M�H]� ,
found: 685.3017; and 5-O-benzyl-1-(4-methylanisol-2-yl)-3-O-(2,6-di-O-
benzyl-a-d-glucopyranosyl)-a-d-ribofuranose (31 a, 61 mg, 36%):
1H NMR (400 MHz, CDCl3): d� 7.40 (d, J� 1.8, 1 H, H-3), 7.36 ± 7.27 (m,
15H, ArH), 7.05 (dd, J� 1.8, 8.2, 1 H, 5-H), 6.76 (d, J� 8.2, 1 H, H-6), 5.36
(d, J� 2.4, 1H, H-1'), 4.83 (d, J� 3.7, 1 H, H-1''), 4.71 ± 4.46 (m, 7 H, H-2',
3�CH2Ph), 4.36 (m, 1 H, H-3'), 3.90 (dd, J� 9.1, 9.5, 1H, H-3''), 3.82 (s, 3H,
OMe), 3.78 ± 3.51 (m, 7H, H-4', H-5', H-4'', H-5'', H-6''), 3.35 (dd, J� 3.7,
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9.5, 1H, H-2''), 3.05, 2.56, 2.54 (3�br s, 3� 1H, 3�OH), 2.31 (s, 3 H, Me);
HRMS-FAB: m/z : calcd for C40H46O10: 686.3091 [M�H]� , found: 686.3093.


5-O-Benzyl-1-(4-methylnaphthalenyl)-3-O-(2,6-di-O-benzyl-a-d-glucopyr-
anosyl)-b-d-ribofuranose and 5-O-benzyl-1-(4-methylnaphthalenyl)-3-O-
(2,6-di-O-benzyl-a-d-glucopyranosyl)-a-d-ribofuranose (34 and 34a):
NaOMe (catalytic quantity) was added to a solution of 33 (42 mg,
0.05 mmol) in methanol (3 mL) and the solution was stirred at room
temperature for 3 h. The mixture was neutralised with 1m AcOH (in THF)
and concentrated in vacuo. The resulting residue was partitioned between
chloroform and brine, separated, and the organic layer was dried (MgSO4)
and evaporated under reduced pressure. The crude residue was purified by
silica gel chromatography yielding 5-O-benzyl-1-(4-methylnaphthalenyl)-
3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-b-d-ribofuranose as a yellow
syrup (34, 20 mg, 57%). 1H NMR (400 MHz, CDCl3): d� 8.20 (dd, J�
1.8, 7.6, 1H, Hnaphthalene), 8.04 (dd, J� 1.8, 7.4, 1H, Hnaphthalene), 7.65 (d, J� 7.4,
1H, Hnaphthalene), 7.57 ± 7.49 (m, 2H, 2�Hnaphthalene), 7.37 ± 7.23 (m, 16H, ArH,
Hnaphthalene), 5.57 (d, J� 3.5, 1 H, H-1'), 4.74, 4.69 (AB, 2H, CH2Ph), 4.71 (d,
J� 4.0, 1 H, H-1''), 4.64, 4.56 (AB, 2 H, CH2Ph), 4.54, 4.45 (AB, 2H,
CH2Ph), 4.35 ± 4.32 (m, 1 H, H-3'), 4.24 ± 4.17 (m, 2H, H-2', OH), 4.00 (t,
J� 9.4, 1 H, H-3''), 3.88 ± 3.73 (m, 5 H, H-4', H-5', H-5'', OH), 3.62 ± 3.51 (m,
4H, H-4'', H-6'', OH), 3.4 (dd, J� 3.5, 9.7, 1 H, H-2''), 2.52 (s, 3 H, CH3Ph);
and 5-O-benzyl-1-(4-methylnaphthalenyl)-3-O-(2,6-di-O-benzyl-a-d-glu-
copyranosyl)-a-d-ribofuranose (34 a, 11 mg, 31 %): 1H NMR (400 MHz,
CDCl3): d� 8.02 (m, 1 H, Hnaphthalene), 7.88 (m, 1 H, Hnaphthalene), 7.73 (d, J�
7.4, 1H, Hnaphthalene), 7.52 (m, 2H, 2�Hnaphthalene), 7.37 (d, J� 7.4, 1H,
Hnaphthalene), 7.36 ± 7.16 (m, 15 H, ArH), 5.88 (d, J� 3.1, 1 H, H-1'), 4.78 (d,
J� 3.9, 1H, H-1''), 4.61 ± 4.28 (m, 9H, 3�CH2Ph, H-2', H-3', OH), 3.86 (t,
J� 9.0, 1H, H-3''), 3.82 ± 3.76 (m, 2H, H-5'), 3.70 ± 3.53 (m, 6H, H-4', H-4'',
H-5'', H-6'', OH), 3.33 (dd, J� 3.75, 9.7, 1H, H-2''), 3.1 (br s, 1 H, OH), 2.41
(s, 3 H, CH3Ph).


5-O-Benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)uridine 2',3'',4''-
tris(dibenzylphosphate) (23): Dibenzyl(diisopropyl)phosphoramidite
(42 mL, 0.13 mmol) was added to a solution of 5-O-Benzyl-3-O-(2,6-di-O-
benzyl-a-d-glucopyranosyl)uridine (22, 19 mg, 0.028 mmol) and 1H-tetra-
zole (18 mg, 0.25 mmol) in dichloromethane (1 mL) and the mixture was
stirred at room temperature for 3 h. To this mixture was then added
mCPBA (38 mg, 0.13 mmol) at ÿ78 8C and the resulting mixture was
stirred at room temperature for an additional 2 h. The reaction mixture was
diluted with ethyl acetate and washed with aq. 10 % Na2SO3, 1n HCl, 0.5n
NaHCO3 and brine, dried (MgSO4) and concentrated in vacuo. The
resulting crude residue was purified by silica gel chromatography (chloro-
form/methanol 50:1) to give title compound (23, 33 mg, 85 %, isolated as
solid). 1H NMR (400 MHz, CDCl3): d� 8.12 (br s, 1H, NH), 7.52 (d, J� 8.3,
1H, H-6), 7.38 ± 7.06 (m, 45 H, ArH), 6.35 (d, J� 6.4, 1 H, H-1'), 5.31 (d, J�
3.4, 1 H, H-1''), 5.31 (d, J� 8.3, 1 H, H-5), 5.04 ± 4.69 (m, 15H, H-2', H-3'',
H-4'', 6�CH2PH), 4.49 ± 4.21 (m, 8 H, H-3', H-4', 3�CH2Ph), 3.80 ± 3.47
(m, 6 H, H-5', H-2'', H-5'', H-6''); 31P NMR (67.5 MHz, CDCl3, H-decou-
pled): d�ÿ0.34, ÿ1.17, ÿ1.29 (3� s, 3�P); HRMS-FAB: m/z : calcd for
C78H80N2O20P3: 1457.4517 [M�H]� , found: 1457.4565; UV (methanol):
lmax� 257, 260 nm (sh).


1-Benzimidazolyl-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-
b-d-ribofuranose 2',3'',4''-tris(dibenzylphosphate) (26): Dibenzyl(diisopro-
pyl)phosphoramidite (42 mL, 0.13 mmol) was added to a solution of
1-benzimidazolyl-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-
b-d-ribofuranose (25, 48 mg, 0.07 mmol) and 1H-tetrazole (18 mg,
0.25 mmol) in dichloromethane and the mixture stirred at room temper-
ature for 3 h. The solution was cooled to ÿ78 8C and mCPBA (38 mg,
0.13 mmol) was added with stirring continuing for an additional 2 h at
ÿ20 8C. The mixture was diluted with ethyl acetate and was washed with
10% Na2SO3, 1n HCl, 0.5n NaHCO3, brine, dried (MgSO4) and
evaporated under reduced pressure. Crude residue was purified by silica
gel chromatography (chloroform/acetone 200:1 to 100:1) yielding title
compound as a syrup (26, 81 mg, 79 %). 1H NMR (400 MHz, CDCl3): d�
7.99 (s, 1H, H-2), 7.76 (d, J� 8.2, 1H, Hbenzimidazole), 7.54 (d, J� 8.3, 1H,
Hbenzimidazole), 7.35 ± 6.91 (m 47 H, 2�Hbenzimidazole, ArH), 6.11 (d, J� 6.8, 1H,
H-1'), 5.36 (d, J� 3.4, 1H, H-1''), 5.26 (m, 1 H, H-2'), 5.05 ± 4.89 (m, 8H,
H-3'', H-4'', 3�CH2Ph), 4.80 ± 4.70 (m, 2 H, CH2Ph), 4.55 ± 4.29 (m, 11H,
H-3', 5�CH2Ph), 3.85 (m, 1H, H-4'), 3.74 ± 3.53 (m, 6 H, H-5', H-2'', H-5'',
H-6''); 31P NMR (100 MHz, CDCl3, H-decoupled): d�ÿ1.73, ÿ2.07,
ÿ2.18 (3� s, 3�P); HRMS-FAB: m/z : calcd for C81H82N2O18P3: 1463.4776
[M�H]� , found: 1463.4743.


1-(2-Methoxynaphthalenyl)-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-gluco-
pyranosyl)-b-d-ribofuranose 2',3'',4''-tris(dibenzylphosphate) (29): Diben-
zyl(diisopropyl)phosphoramidite (42 mL, 0.13 mmol) was added to a
solution of 5-O-benzyl-1-(2-methoxynaphthalenyl)-3-O-(2,6-di-O-benzyl-
a-d-glucopyranosyl)-b-d-ribofuranose (28, 181 mg, 0.025 mmol) and 1H-
tetrazole (18 mg, 0.25 mmol) in dichloromethane and the mixture stirred at
room temperature for 3 h. The solution was cooled to ÿ78 8C and mCPBA
(38 mg, 0.13 mmol) was added with stirring continuing for an additional 2 h
at room temperature. The mixture was diluted with ethyl acetate and was
washed with 10% Na2SO3, 1n HCl, 0.5n NaHCO3, brine, dried (MgSO4)
and evaporated under reduced pressure. The resulting crude residue was
purified by silica gel chromatography (hexane/ethyl acetate 2:1 to 1:1)
yielding title compound as a syrup (29, 345 mg, 92 %). 1H NMR (400 MHz,
CDCl3): d� 8.32 (d, J� 8.8, 1H, Hnaphthalene), 7.77 (d, J� 8.8, 1H, Hnaphthalene),
7.72 (d, J� 7.3, 1 H, Hnaphthalene), 7.43 ± 6.65 (m, 48H, 3�Hnaphthalene, ArH),
6.10 (d, J� 7.3, 1H, H-1'), 5.65 (m, 1 H, H-2'), 5.56 (d, J� 3.4, 1 H, H-1''),
5.07 ± 4.62 (m, 12 H, 5�CH2Ph, H-3'', H-4''), 4.53 ± 4.01 (m, 9H, 4�CH2Ph,
H-3'), 3.90 ± 3.56 (m, 7 H, H-4', H-5', H-2'', H-5'', H-6''), 3.68 (s, 3 H, OMe);
31P NMR (100 MHz, CDCl3, H-decoupled): d�ÿ1.49,ÿ2.28,ÿ2.30 (3� s,
3�P); HRMS-FAB: m/z : calcd for C85H86O19P3: 1503.4976 [M�H]� ,
found: 1503.5016.


1-(4-Methylanisol-2-yl)-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyra-
nosyl)-b-d-ribofuranose 2',3'',4''-tris(dibenzylphosphate) (32): Dibenzyl-
(diisopropyl)phosphoramidite (42 mL, 0.13 mmol) was added to a solution
of 5-O-benzyl-1-(4-methylanisol-2-yl)-3-O-(2,6-di-O-benzyl-a-d-glucopyr-
anosyl)-b-d-ribofuranose (31, 38 mg, 0.055 mmol) and 1H-tetrazole
(18 mg, 0.25 mmol) in dichloromethane and the mixture stirred at room
temperature for 3 h. The solution was cooled to ÿ78 8C and mCPBA
(38 mg, 0.13 mmol) was added with stirring continuing for an additional 2 h
at ÿ20 8C. The mixture was diluted with ethyl acetate and was washed with
10% Na2SO3, 1n HCl, 0.5n NaHCO3, brine, dried (MgSO4) and
evaporated under reduced pressure. The crude residue was purified by
silica gel chromatography (hexane/ethyl acetate 2:1 to 1:1) yielding title
compound as a syrup (32, 78 mg, 96 %). 1H NMR (400 MHz, CDCl3): d�
7.39 ± 7.05 (m, 46H, H-2, ArH), 7.01 (dd, J� 2.0, 8.3, 1H, H-5), 6.70 (d, J�
8.3, 1H, H-6), 5.48 (d, J� 5.4, 1 H, H-1'), 5.31 (d, J� 3.4, 1H, H-1''), 5.10 (m,
1H, H-2'), 5.04 ± 4.88 (m, 8 H, 3�CH2Ph, H-3'', H-4''), 4.79 ± 4.57 (m, 6H,
3�CH2Ph), 4.51 ± 4.24 (m, 7 H, 3�CH2Ph, H-3'), 3.85 ± 3.50 (m, 7H, H-4',
H-5', H-2'', H-5'', H-6''), 3.63 (s, 3 H, OMe), 2.11 (s, 3 H, Me); 31P NMR
(67.5 MHz, CDCl3, H-decoupled): d�ÿ1.10, ÿ1.23, ÿ1.38 (3� s, 3�P);
HRMS-FAB: m/z : calcd for C82H86O19P3: 1467.4976 [M�H]� , found:
1467.5018.


1-(4-Methylanisol-2-yl)-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyra-
nosyl)-a-d-ribofuranose 2',3'',4''-tris(dibenzylphosphate) (32 a): Dibenzyl-
(diisopropyl)phosphoramidite (42 mL, 0.13 mmol) was added to a solution
of 5-O-benzyl-1-(4-methylanisol-2-yl)-3-O-(2,6-di-O-benzyl-a-d-glucopyr-
anosyl)-a-d-ribofuranose (31 a, 58 mg, 0.085 mmol) and 1H-tetrazole
(18 mg, 0.25 mmol) in dichloromethane and the mixture stirred at room
temperature for 3 h. The solution was cooled to ÿ78 8C and mCPBA
(38 mg, 0.13 mmol) was added with stirring continuing for an additional 2 h
at ÿ20 8C. The mixture was diluted with ethyl acetate and was washed with
10% Na2SO3, 1n HCl, 0.5n NaHCO3, brine, dried (MgSO4) and
evaporated under reduced pressure. The crude residue was purified by
silica gel chromatography yielding title compound as a syrup (32 a, 108 mg,
87%). 1H NMR (400 MHz, CDCl3): d� 7.42 ± 6.92 (m, 46 H, H-5, ArH),
7.36 (d, J� 2.0, 1H, H-3), 6.58 (d, J� 8.3, 1H, H-6), 5.38 ± 5.35 (m, 3H, H-1',
H-2', H-1''), 5.06 ± 4.15 (m, 21H, 9�CH2Ph, H-3', H-3'', H-4''), 3.98 ± 3.59
(m, 7H, H-4', H-5', H-2'', H-5'', H-6''), 3.72 (s, 3H, OMe), 2.21 (s, 3H, Me);
31P NMR (67.5 MHz, CDCl3, H-decoupled): d�ÿ1.07,ÿ1.29, ÿ1.47 (3� s,
3�P); HRMS-FAB: m/z : calcd for C82H86O19P3: 1467.4976 [M�H]� ,
found: 1467.4979.


1-(4-Methylnaphthalenyl)-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyr-
anosyl)-b-d-ribofuranose 2',3'',4''-tris(dibenzylphosphate) (35): Dibenzyl-
(diisopropyl)phosphoramidite (21 mL, 0.07 mmol) was added to a solution
of 1-(4-methylnaphthalenyl)-5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-gluco-
pyranosyl)-b-d-ribofuranose (34, 12 mg, 0.017 mmol) and 1H-tetrazole
(9 mg, 0.12 mmol) in dichloromethane (4 mL) and the reaction was stirred
at room temperature for 2 h. The solution was cooled to ÿ78 8C and
mCPBA (19 mg, 0.07 mmol) was added with stirring continuing for an
additional 2 h. The mixture was diluted with ethyl acetate and was washed
with 10% Na2SO3, 1n HCl, 0.5n NaHCO3, brine, dried (MgSO4) and
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evaporated under reduced pressure. The crude residue was purified by
silica gel chromatography yielding title compound as a syrup (35, 15 mg,
62%). 1H NMR (400 MHz, CDCl3): d� 8.24 (d, J� 8.6, 1H, Hnaphthalene),
7.94 (d, J� 8.6, 1H, Hnaphthalene), 7.68 (d, J� 7.4, 1H, Hnaphthalene), 7.51 ± 6.80
(m, 48 H, 3�Hnaphthalene, ArH), 5.90 (d, J� 7.0, 1H, H-1'), 5.42 (d, J� 3.5,
1H, H-1''), 5.08 ± 4.26 (m, 22 H, 9�CH2Ph, H-2', H-5'a, H-3'', H-4''), 3.89 ±
3.55 (m, 7 h, H-4', H-5'b, H-2'', H-5'', H-6''), 2.21 (s, 3H, CH3Ph); 31P NMR
(100 MHz, CDCl3, H-decoupled): d�ÿ0.87, ÿ1.06, ÿ1.32 (3� s, 3�P).


3-O-(a-d-Glucopyranosyl)uridine 2',3'',4''-trisphosphate (12): A mixture of
5-O-benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)uridine 2',3'',4''-
tris(dibenzylphosphate) (23, 131 mg, 0.90 mmol) and Pd/C (10 %, 80 mg)
in methanol (5 mL) was stirred under atmospheric pressure of H2 at room
temperature for 18 h. The catalyst was removed by filtration through Celite
with the resulting filtrate being concentrated in vacuo. The residue was
dissolved in water and applied to a Diaion WK-20 resin column (Na� form),
which was developed by water. The eluent was evaporated under reduced
pressure and the residues was co-evaporated with ethanol to give 3-O-(a-d-
glucopyranosyl)uridine 2',3'',4''-trisphosphate (12, 62 mg, 98%) as white
solids. 1H NMR (400 MHz, CDCl3): d� 7.65 (d, J� 8.3, 1H, H-6), 5.95 (d,
J� 4.4, 1H, H-1'), 5.74 (d, J� 8.3, 1H, H-5), 5.15 (br s, 1 H, H-1''), 4.74 (m,
1H, H-2'), 4.32 ± 4.28 (m, 2 H, H-3', H-3''), 4.17 (m, 1 H, H-4''), 3.90 ± 3.50
(m, 7 H, H-4', H-5', H-2'', H-5'', H-6''); 31P NMR (100 MHz, D2O,
H-decoupled): d� 1.78, 1.09, 0.23 (3� s, 3�P); HRMS-FAB (triethylam-
monium salts): m/z : calcd for C15H24N2O20P3: 645.0135 [M]ÿ , found:
645.0130; UV (water): lmax� 260 nm.


1-Benzimidazolyl-3-O-(a-d-glucopyranosyl)-b-d-ribofuranose 2',3'',4''-tris-
phosphate (13): A mixture of 1-benzimidazolyl-5-O-benzyl-3-O-(2,6-di-O-
benzyl-a-d-glucopyranosyl)-b-d-ribofuranose 2',3'',4''-tris(dibenzylphos-
phate) (26, 48 mg, 0.033 mmol) and Pd(OH)2 (10 %, 120 mg) in a mixture
of cyclohexene (3.0 mL) and methanol (6.0 mL) was heated under reflux
for 90 min. The catalyst was removed by filtration through Celite with the
filtrate being concentrated in vacuo. The residue was dissolved in water and
applied to a Diaion WK-20 resin column (Na� form), which was developed
with water. The eluent was evaporated under reduced pressure and the
residue was co-evaporated with ethanol yielding 1-benzimidazolyl-3-O-(a-
d-glucopyranosyl)-b-d-ribofuranose 2',3'',4''-trisphosphate as the sodium
salt (13, 19 mg, 74 %). 1H NMR (400 MHz, CDCl3): d� 8.38 (s, 1H, H-2),
7.69 (d, J� 8.2, 1 H, Hbenzimidazole), 7.59 (d, J� 7.3, 1H, Hbenzimidazole), 7.30 ± 7.20
(m, 2 H, Hbenzimidazole), 6.21 (d, J� 5.4, 1H, H-1'), 5.17 (d, J� 3.4, 1H, H-1''),
4.96 (m, 1H, H-2'), 4.44 (dd, J� 4.4, 4.8, 1H, H-3'), 4.35 (m, 1 H, H-3''), 4.27
(m, 1 H, H-4'), 3.90 (m, 1 H, H-5''), 3.78 ± 3.58 (m, 6 H, H-5', H-2'', H-4'',
H-6''); 31P NMR (100 MHz, D2O, H-decoupled): d� 3.16, 2.76, 0.35 (3� s,
3�P); HRMS-FAB (triethylammonium salt): m/z : calcd for
C18H26O18N2P3: 651.0394 [M�H]� , found: 651.0386.


1-(2-Methoxynaphthalenyl)-3-O-(a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-trisphosphate (14): A mixture of 1-(2-methoxynaphthalenyl)-5-O-
benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-tris(dibenzylphosphate) (29, 20 mg, 0.013mmol) and Pd(OH)2


(10 %, 120 mg) in a mixture of cyclohexene (3.0 mL) and methanol
(6.0 mL) was heated under reflux for 90 min. The catalyst was removed by
filtration through Celite with then resulting filtrate being concentrated in
vacuo. The residue was then diluted with water and applied to a Diaion
WK-20 resin column (Na� form), which was developed with water. The
eluent was evaporated under reduced pressure and the residue co-
evaporated with ethanol to yield the sodium salt of 1-(2-methoxynaph-
thalenyl)-3-O-(a-d-glucopyranosyl)-b-d-ribofuranose 2',3'',4''-trisphos-
phate (14, 6 mg, 64 %). 1H NMR (400 MHz, CDCl3): d� 8.12 (d, J� 8.3,
1H, Hnaphthalene), 7.85 (d, J� 8.8, 1H, Hnaphthalene), 7.76 (d, J� 7.8, 1H,
Hnaphthalene), 7.44 (t, J� 7.3, 1 H, Hnaphthalene), 7.29 (m, 2 H, 2�Hnaphthalene), 5.81
(d, J� 5.4, 1 H, H-1'), 5.19 (d, J� 3.4, 1 H, H-1''), 5.17 (m, 1 H, H-2'), 4.46 ±
4.43 (m, 1H, H-3'), 4.36 ± 4.32 (m, 1 H, H-3''), 4.12 (m, 1 H, H-4'), 3.90 ± 3.78
(m, 8H, H-5'a, H-5'', H-6'', OCH3 , OH), 3.71 ± 3.62 (m, 5 H, H-5'b, H-2'',
H-4'', 2�OH); 31P NMR (100 MHz, CDCl3, H-decoupled): d� 2.58, 1.52,
0.27 (3� s, 3�P).


1-(4-Methylanisol-2-yl)-3-O-(a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-trisphosphate (15): A mixture of 1-(4-methylanisol-2-yl)-5-O-
benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-tris(dibenzylphosphate) (32, 40 mg, 0.27 mmol) and Pd/C (10 %,
30 mg) in methanol was stirred under atmospheric pressure of H2 at room
temperature for 75 min. The catalyst was filtered off with Celite and the
resulting filtrate concentrated in vacuo. The residue was dissolved in water


and applied to a Diaion WK-20 resin column (Na� form), which was
developed with water. The eluent was evaporated under reduced pressure
and the residue was co-evaporated with ethanol to give the sodium salt of
1-(4-methylanisol-2-yl)-3-O-(a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-trisphosphate (15, 19 mg, 80 %). 1H NMR (400 MHz, CDCl3): d�
7.16 (s, 1 H, H-3), 7.08 (d, J� 8.2, 1H, H-5), 6.84 (d, J� 8.2, 1H, H-6), 5.14
(d, J� 3.7, 1H, H-1'), 5.11 (d, J� 6.1, 1H, H-1''), 4.62 (m, 1 H, H-2'), 4.31 (m,
1H, H-3''), 4.24 (dd, J� 5.2, 5.2, 1H, H-3'), 4.09 (m, 1H, H-4'), 3.89 ± 3.58
(m, 7H, H-5', H-2'', H-4'', H-5'', H-6''), 3.69 (s, 3 H, OMe), 2.13 (s, 3 H, Me);
31P NMR (100 MHz, D2O, H-decoupled): d�ÿ2.29, ÿ1.35, ÿ0.18 (3� s,
3�P); HRMS-FAB (triethylammonium salt): m/z : calcd for C19H30O19P3:
655.0594 [M�H]� , found: 655.0592.


1-(4-Methylanisol-2-yl)-3-O-(a-d-glucopyranosyl)-a-d-ribofuranose
2',3'',4''-trisphosphate (15 a): A mixture of 1-(4-methylanisol-2-yl)-5-O-
benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-a-d-ribofuranose
2',3'',4''-tris(dibenzylphosphate) (32a, 44 mg, 0.30 mmol) and Pd/C (10 %,
33 mg) in methanol was stirred under atmospheric pressure of H2 at room
temperature for 75 min. The catalyst was filtered off with Celite and the
resulting filtrate concentrated in vacuo. The residue was dissolved in water
and applied to a Diaion WK-20 resin column (Na� form), which was
developed with water. The eluent was evaporated under reduced pressure
and the residue was co-evaporated with ethanol to give the sodium salt of
1-(4-methylanisol-2-yl)-3-O-(a-d-glucopyranosyl)-a-d-ribofuranose
2',3'',4''-trisphosphate (15a, 19 mg, 80%). 1H NMR (400 MHz, CDCl3): d�
7.18 (s, 1 H, H-3), 7.03 (d, J� 8.3, 1H, H-5), 6.78 (d, J� 8.3, 1H, H-6), 5.31 (s,
1H, H-1'), 5.10 (d, J� 3.4, 1H, H-1''), 4.99 (m, 1H, H-2'), 4.45 (dd, J� 3.9,
8.3, 1H, H-3'), 4.35 (m, 1H, H-3''), 4.17 (m, 1 H, H-4'), 4.03 (m, 1 H, H-5''),
3.84 (d, J� 10.7, 1H, H-5'a), 3.71 ± 3.60 (m, 5 H, H-5'b, H-2'', H-4'', H-6''),
3.66 (s, 3H, OMe), 2.15 (s, 3 H, Me); 31P NMR (100 MHz, D2O,
H-decoupled): d� 3.56, 2.65, 0.61 (3� s, 3�P); HRMS-FAB (triethylam-
monium salt): m/z : calcd for C19H30O19P3: 655.0594 [M�H]� , found:
655.0588.


1-(4-Methylnaphthalenyl)-3-O-(a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-trisphosphate (16): A mixture of 1-(4-methylnaphthalenyl)-5-O-
benzyl-3-O-(2,6-di-O-benzyl-a-d-glucopyranosyl)-b-d-ribofuranose
2',3'',4''-tris(dibenzylphosphate) (35, 12 mg, 8 mmol) and Pd(OH)2 (10 %,
60 mg) in a mixture of cyclohexene (2.0 mL) and methanol (4.0 mL) was
heated under reflux for 90 min. The catalyst was removed by filtration
through Celite with the resulting filtrate being concentrated in vacuo. The
residue was the diluted with water and applied to a Diaion WK-20 resin
column (Na� form), which was developed with water. The eluent was
evaporated under reduced pressure and the residue co-evaporated with
ethanol to yield the sodium salt of 1-(4-methylnaphthalenyl)-3-O-(a-d-
glucopyranosyl)-b-d-ribofuranose 2',3'',4''-trisphosphate (16, 4 mg, 67%).
1H NMR (400 MHz, CDCl3): d� 8.19 (m, 1H, Hnaphthalene), 8.01 (m, 1H,
Hnaphthalene), 7.85 (m, 1H, Hnaphthalene), 7.58 ± 7.49 (m, 2 H, 2�Hnaphthalene),
7.37 ± 7.26 (m, 1 H, Hnaphthalene), 5.73 (d, J� 4.1, 1H, H-1'), 5.14 (d, J� 3.1,
1H, H-1''), 5.04 (m, 1 H, H-2'), 4.43 ± 4.28 (m, 2H, H-3', H-3''), 4.16 (m, 1H,
H-4'), 3.87 ± 3.73 (m, 6 H, H-5', H-5'', H-6'', OH), 3.67 ± 3.58 (m, 4H, H-2'',
H-4'', 2�OH), 2.54 (s, 3H, CH3Ph); 31P NMR (100 MHz, CDCl3,
H-decoupled): d� 2.52, 1.46, 0.72 (3� s, 3�P).
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Coordination of Semiquinone and Superoxide Radical Anions to the Zinc Ion
in SOD Model Complexes that Act as the Key Step in Disproportionation
of the Radical Anions


Hideki Ohtsu and Shunichi Fukuzumi*[a]


Abstract: Reactions of imidazolate-
bridged CuIIÿZnII heterodinuclear and
CuIIÿCuII homodinuclear complexes,
[CuiiZnii(bdpi)(CH3CN)2](ClO4)3 ´
2CH3CN (1) and [Cuii


2(bdpi)(CH3CN)2]-
(ClO4)3 ´ CH3CN ´ 3 H2O (2) (Hbdpi�
4,5-bis(di(2-pyridylmethyl)aminometh-
yl)imidazole), with the p-benzosemi-
quinone radical anion (Q .ÿ) have been
examined to provide mechanistic insight
into the role of the ZnII ion in copper ±
zinc superoxide dismutase (Cu,Zn-
SOD). The addition of less than one
equivalent of Q .ÿ to a deaerated solu-
tion of 1 or 2 in propionitrile at ÿ80 8C
results in the oxidation of Q .ÿ accom-
panied by the appearance of a new
absorption band at 585 nm due to the


CuIÿQ complex (3 or 4), the absorbance
of which increases linearly with the
increase in Q .ÿ concentration. Both the
resonance Raman spectra of 3 and 4
exhibit a strong resonance-enhanced
Raman band at 1580 cmÿ1, which can
be assigned to a CO stretching vibration
in the CuIÿQ complexes. Further addi-
tion of Q .ÿ to a deaerated solution of 3
in propionitrile results in the reduction
of Q .ÿ , whereas no reduction of Q .ÿ


occurs with 4, which does not contain


the ZnII ion. Thus, the coordination of
Q .ÿ to the ZnII ion is essential for the
reduction of Q .ÿ by the CuI ion in 3. The
coordination of O2


.ÿ and Q .ÿ to the ZnII


ion has been confirmed by the electronic
and ESR spectra of the O2


.ÿ and Q .ÿ


complexes with mononuclear ZnII


complexes, [Znii{MeIm(Py)2}(CH3CN)]-
(ClO4)2 (5) and [Znii{MeIm(Me)2}-
(H2O)](ClO4)2 (6) (MeIm(Py)2 � (1-
methyl-4-imidazolylmethyl)bis(2-pyridyl-
methyl)amine, MeIm(Me)2� (1-methyl-
4-imidazolylmethyl)bis(6-methyl-2-pyri-
dylmethyl)amine). The binding energies
of O2


.ÿ with the ZnII ion in 5 and 6 have
been evaluated from the deviation of the
gk values of the ESR spectra from the
free spin value.


Keywords: Cu,Zn-SOD ´ dispro-
portionation ´ Lewis acids ´ p-ben-
zosemiquinone ´ radical ions ´
superoxide ions


Introduction


Copper ± zinc superoxide dismutase (Cu,Zn-SOD) contains
an imidazolate-bridged CuIIÿZnII heterodinuclear metal cen-
ter in its active site.[1±9] The copper ion is coordinated to the
four imidazole N atoms of histidine residues and a solvent
(H2O) in a distorted square-pyramidal geometry, while the
zinc ion, located at a distance of 6.2 � from the copper ion, is
coordinated to a carboxylato O atom of an aspartic acid
residue and three imidazole N atoms of histidine residues in a
distorted tetrahedral structure.[1, 2] This enzyme protects cells
against oxidative damage by catalyzing the disproportiona-
tion (dismutation) of the toxic superoxide ion (O2


.ÿ) to
dioxygen (O2) and hydrogen peroxide (H2O2).[1] Under
physiological conditions, the disproportionation of O2


.ÿ must


proceed very rapidly, that is at the diffusion-limited rate, in
order to prevent the uncontrolled oxidation of cells by O2


.ÿ


and/or its conjugated acid HO2
. .[1] The CuII form of the


enzyme is reduced by O2
.ÿ to produce O2 and the reduced CuI


enzyme which is oxidized by another O2
.ÿ molecule to yield


H2O2.[1±13] In this case both the oxidation and reduction of
O2


.ÿ should be accelerated by Cu,Zn-SOD. We have pre-
viously reported that an important role of the ZnII ion in the
imidazolate-bridged CuIIÿZnII complex is to accelerate an
outer-sphere electron transfer from O2


.ÿ to produce the
CuIÿZnII complex when the free energy change of electron
transfer becomes thermodynamically more favorable as
compared to that without ZnII ion.[14] The presence of the
ZnII ion, which can act as a Lewis acid may also accelerate an
electron transfer from the CuIÿZnII complex to O2


.ÿ , since
O2


.ÿ can form a complex with metal ions acting as a Lewis acid
to accelerate the electron-transfer reduction of O2


.ÿ .[15] Such
an acceleration for the reduction of O2


.ÿ can also be attained
by a Brùnsted acid instead of a Lewis acid since Valentine
et al. reported that the reduction of O2


.ÿ by the zinc-deficient
SOD form is acid catalyzed.[13] Thus, the essential part of the
catalysis of Cu,Zn-SOD is the acceleration of the reduction of
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O2
.ÿ by the CuI center. It has been one of the central issues in


bioinorganic chemistry to clarify how the ZnII ion can
facilitate the reduction of O2


.ÿ in Cu,Zn-SOD.[1±13] However,
the instability of reaction intermediates and the lack of
appropriate model complexes that contain the substrate-
binding sites has so far precluded the study of the essential
role of the ZnII ion in the catalytic function of Cu,Zn-
SOD.[16±21]


We recently prepared the first imidazolate-bridged CuIIÿ
ZnII heterodinuclear complex, [CuiiZnii(bdpi)(CH3CN)2]-
(ClO4)3 ´ 2 CH3CN (1) with a newly designed dinucleating
ligand, Hbdpi (Hbdpi � 4,5-bis(di(2-pyridylmethyl)amino-
methyl)imidazole).[14] The CuIIÿCuII homodinuclear complex,
[Cuii


2(bdpi)(CH3CN)2](ClO4)3 ´ CH3CN ´ 3 H2O (2), was also
prepared in order to compare its properties with the hetero-
dinuclear CuIIÿZnII complex.[4] In these SOD model com-
plexes each metal ion is pentacoordinated with one position
taken by a solvent molecule, which can be readily replaced by
a substrate.


This study reports an essential role of the ZnII ion observed
as a drastic difference in the stoichiometric disproportiona-
tion of the p-benzosemiquinone radical anion (Q .ÿ) with the
imidazolate-bridged CuIIÿZnII heterodinuclear (1) and
CuIIÿCuII homodinuclear (2) complexes in propionitrile
(EtCN). The coordination of Q .ÿ to the ZnII ion in 1 is shown
to be indispensable for the reduction of Q .ÿ by the CuI ion
produced by the electron transfer from Q .ÿ to the CuII ion in 1.
We also report herein the detection of ZnIIÿO2


.ÿ complexes
by using the mononuclear ZnII complexes of [Znii{MeIm-
(Py)2}(CH3CN)](ClO4)2 (5) and [Znii{MeIm(Me)2}(H2O)]-
(ClO4)2 (6) (MeIm(Py)2 � (1-methyl-4-imidazolylmethyl)-
bis(2-pyridylmethyl)amine, MeIm(Me)2� (1-methyl-4-imida-
zolylmethyl)bis(6-methyl-2-pyridylmethyl)amine). The bind-
ing energies of O2


.ÿ with the ZnII ion in 5 and 6 can be
evaluated from deviation of the gk values from the free spin
value by the ESR measurements.[15]


Results and Discussion


Oxidation of the p-benzosemiquinone radical anion by
imidazolate-bridged CuIIÿZnII heterodinuclear and CuIIÿCuII


homodinuclear complexes : The addition of less than one
equivalent of Q .ÿ to a deaerated solution of [CuiiZnii(bdpi)-
(CH3CN)2](ClO4)3 ´ 2 CH3CN (1) in EtCN resulted in the
appearance of a new absorption band at 585 nm, the
absorbance of which increased linearly with an increase in
the Q .ÿ concentration, as shown in Figure 1a. The appearance


Figure 1. Absorption spectral changes of the titration observed upon
addition of Q .ÿ : a) 0, 0.2, 0.4, 0.6, 0.8, 1.0 equiv for
[CuiiZnii(bdpi)(CH3CN)2]3� (1) ; b) 0, 0.4, 0.8, 1.2, 1.6, 2.0 equiv for
[Cuii


2(bdpi)(CH3CN)2]3� (2) into a solution of 1 in EtCN (1.0� 10ÿ4m)
and 2 (1.0� 10ÿ4m) at 193 K.


of the same absorption band (lmax� 585 nm) is observed when
1 is replaced by [Cuii


2(bdpi)(CH3CN)2](ClO4)3 ´ CH3CN ´
3 H2O (2) for the reaction with Q .ÿ . In the case of 2, however,
the absorbance at 585 nm increases linearly with an increase
in the Q .ÿ concentration up to two equivalents of Q .ÿ


(Figure 1b).
Since the one-electron oxidation potential (E0


ox vs SCE) of
Q .ÿ (ÿ0.51 V), which is equal to the one-electron reduction
potential of Q,[22] is more negative than the one-electron
reduction potential (E0


red vs SCE) of the CuII center of 1
(ÿ0.03 V),[14] an electron transfer from Q .ÿ to the CuII center
should occur, as shown in Scheme 1, to yield the CuIÿQ
complex (3), which may have the metal-to-ligand change
transfer (MLCT) band at 585 nm. In the case of 2, two
equivalents of Q .ÿ may be oxidized (Scheme 1), since the E0


ox


value of Q .ÿ is still more negative than the second one-
electron reduction potential of 2 for the other CuII center
(ÿ0.31 V).[14] This may be the reason why two equivalents of
Q .ÿ can be oxidized by 2 to give the 2:1 complex between Q
and the CuI center (4), which has the same absorption band at
585 nm, and the absorbance is twice as large as that of 3. The
CuIÿQ complexes 3 and 4 should be diamagnetic, and it was
confirmed that the reaction mixtures of one and two
equivalents of Q .ÿ with 1 and 2, respectively, were ESR silent
at 77 K.


The resonance Raman spectra of intermediates 3 and 4 in
an acetonitrile (CH3CN) solution at 298 K (laser excitation
wavelength: 632.8 nm) are shown in Figure 2a and b, respec-
tively, which reveal the same strong resonance-enhanced
Raman bands at 1580 cmÿ1. The resonance Raman frequency
is significantly higher than that reported for the CO stretching
vibration of free Q .ÿ (1435 cmÿ1), in which the CO bond order
is estimated from the Raman data to be 1.5,[23] but lower than
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Scheme 1. Electron transfer reactions of 1 and 2 to give complexes 3 and 4,
respectively. Counter ions and solvent of crystallization omitted for clarity.


Figure 2. Resonance Raman spectra obtained with 632.8 nm excitation
upon a) one and b) two equivalents of Q .ÿ in a solution of complexes 1 and
2 in CH3CN at 298 K, respectively.


that of neutral p-benzoquinone (1651 cmÿ1).[24, 25] Thus, the
resonance Raman bands of 3 and 4 at 1580 cmÿ1 can be
assigned with reasonable certainty to a CO stretching
vibration in the CuIÿQ complexes [CuI(Q)Znii(bdpi)]2� and
[CuI


2(Q)2(bdpi)]� , respectively.


Reduction of semiquinone radical anion by a SOD model
complex : The addition of two equivalents of Q .ÿ to an
intermediate 3 results in no further increase in the absorption


band at 585 nm, but the decay of the absorption band due to
Q .ÿ (lmax� 422 nm) is observed (Figure 3a). The rate of decay
obeys first-order kinetics (see the inset of Figure 3a), and the
rate constant (kobs) at 193 K is determined to be 4.0� 10ÿ1 sÿ1.
Since the binding of Q .ÿ to the MgII ion is known to facilitate


Figure 3. Spectral changes observed upon the addition of two equivalents
of Q .ÿ into the solution of a) 3 and b) 4 in EtCN at 193 K; taken at 1 s
intervals. Insets: a) first-order plot of the absorption change for 3 and
b) time course of the absorption change for 4 at 422 nm.


the electron-transfer reduction of Q .ÿ ,[26] the complexation of
Q .ÿ with the ZnII ion in [CuI(Q)Znii(bdpi)]2� may also
facilitate an intramolecular electron transfer from the CuI


center to Q .ÿ bound to the ZnII center as shown in Scheme 2.
The disappearance of Q .ÿ was also confirmed by ESR
measurement.


When three or four equivalents of Q .ÿ are added to an
intermediate 3, however, one or two equivalents of Q .ÿ


remain unreacted judging from the absorbance at 422 nm
(e� 6000mÿ1 cmÿ1). Thus, the stoichiometry of Q .ÿ to an
intermediate 3 has been determined to be 2:1. This result
indicates that one of the Q .ÿ that binds to the ZnII ion is
reduced by the CuI ion and the other coordinates to the CuII


ion, which is oxidized by Q .ÿ bound to the ZnII ion
(Scheme 2).


The formation of [CuI(Q)Znii(Q2ÿ)(bdpi)] is confirmed by
the ESI mass spectrum, as shown in Figure 4, in which the
protonated form, [CuI(Q)Znii(QHÿ)(bdpi)]� (m/z� 727) is
observed. The natural-isotope abundance pattern agrees well
with the simulated one as shown in Figure 4.


Although observation of the ESI mass spectrum of
[CuI(Q)Znii(QHÿ)(bdpi)]� by itself does not confirm the
stoichiometry in Scheme 2, the spectral change in Figure 3
and the disappearance of the ESR signal of Q .ÿ taken
together demonstrate the validity of this stoichiometry.
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Scheme 2. Electron transfer reaction of 3 and subsequent intramolecular
electron transfer. Counter ions and solvent of crystallization omitted for
clarity.


Figure 4. ESI mass spectrum of [CuI(Q)Znii(QHÿ)(bdpi)]� in CH3CN at
298 K. Inset: calculated natural isotope abundance pattern of
[CuI(Q)Znii(QHÿ)(bdpi)]� .


In sharp contrast to the case of the CuIIÿZnII heterodinu-
clear complex (1), the addition of more than two equivalents
of Q .ÿ to the CuIIÿCuII homodinuclear complex (2) results in
the appearance of an absorption band due to Q .ÿ , which is
stable, and no reduction of Q .ÿ occurs (Figure 3b). In the case
of 2, there is no ZnII center available to facilitate the reduction
of Q .ÿ and therefore no reduction of Q .ÿ occurs. Thus, the
coordination of Q .ÿ to the ZnII ion in 3 derived from 1 is
indispensable for the reduction of Q .ÿ by the CuI center of 3 in
EtCN (Scheme 2).


Since Q .ÿ coordinated to the ZnII ion in 3 undergoes a facile
electron-transfer reaction with the CuI center of 3, the
coordination of Q .ÿ to the ZnII ion has been confirmed by
the spectroscopic detection of the ZnIIÿQ .ÿ complex by using
a mononuclear ZnII complex [Znii{MeIm(Py)2}(CH3CN)]-
(ClO4)2 (5) (MeIm(Py)2 � (1-methyl-4-imidazolylmethyl)-


bis(2-pyridylmethyl)amine) as shown in Scheme 3. The addi-
tion of a large excess of complex 5 to a solution of Q .ÿ in
EtCN at 193 K resulted in the appearance of a new absorption
band at 570 nm, which disappeared at higher temperatures as
shown in Figure 5.


Scheme 3. Electron transfer reaction of the mononuclear 5. Counter ions
and solvent of crystallization omitted for clarity.


Figure 5. UV/Vis Spectra of a) Q .ÿ (2.5� 10ÿ4m) and b) the ZnIIÿQ .ÿ


complex observed upon addition of a large excess of
[Znii{MeIm(Py)2}(CH3CN)]2� (5) to a solution of Q .ÿ in EtCN at 193 K.


We have previously reported that the MgIIÿQ .ÿ complex
has an characteristic absorption band at 590 nm due to a red-
shifted p ± p* transition of the Q .ÿ complex.[26, 27] The
absorption band at 570 nm of the ZnIIÿQ .ÿ complex, which
is slightly blue-shifted compared with the MgIIÿQ .ÿ complex,
can also be assigned to a p ± p* transition of
[Znii(Q .ÿ){MeIm(Py)2}]� . One of the disproportionation
products was confirmed by the ESI mass spectrum, which
exhibited a signal at m/z� 466, as shown in Figure 6. The


Figure 6. ESI mass spectrum of [Znii(QHÿ){MeIm(Py)2}]� in CH3CN at
298 K. Inset: calculated natural isotope abundance pattern of
[Znii(QHÿ){MeIm(Py)2}]� .
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observed mass and isotope patterns agree with the ion
[Znii(QHÿ){MeIm(Py)2}]� , which is the protonated form of
[Znii(Q2ÿ){MeIm(Py)2}].


ZnII-superoxide complexes with mononucleating ligands : The
superoxide ion is produced by the photoinduced reduction of
O2 by dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)2] in
EtCN,[28] which can act as a unique two-electron donor[29] as
shown in [Eq. (1)].


When an oxygen-saturated EtCN solution containing
(BNA)2 was irradiated with a high-pressure mercury lamp,
photochemically formed O2


.ÿ was detected by the ESR
spectrum in frozen EtCN at 133 K. The ESR spectrum shows
a typical anisotropic signal with gk � 2.0900 and g?� 2.0050.[30]


The addition of ZnII complexes, [Znii{MeIm-
(Py)2}(CH3CN)](ClO4)2 (5) and [Znii{MeIm(Me)2}(H2O)]-
(ClO4)2 (6), (MeIm(Me)2 � (1-methyl-4-imidazolylmethyl)-
bis(6-methyl-2-pyridylmethyl)amine) to a solution of O2


.ÿ in
EtCN results in formation of the O2


.ÿ complexes (see
Scheme 4 for the case of 5). The ESR spectra of the ZnIIÿO2


.ÿ


Scheme 4. Formation of an O2 complex with 5. Counter ions and solvent of
crystallization omitted for clarity.


complexes measured at 133 K are shown in Figure 7. The gk
values of these ZnIIÿO2


.ÿ complexes are significantly smaller
than the value of free O2


.ÿ due to the complexation of the ZnII


ion with O2
.ÿ .[31]


The gk value gives valuable information concerning the
binding strength of O2


.ÿ and metal ions.[15] The deviation of
the gk value from the free spin value (ge� 2.0023) is caused by
the spin ± orbit interaction as given by Equation (2),[32]


gk � ge � 2


����������������������
l2


l
2 � DE2


s
(2)


in which l is the spin ± orbit coupling constant of oxygen,
which is known to be 0.0140 eV,[33, 34] and DE is the energy
splitting of pg levels due to complex formation between O2


.ÿ


and the ZnII ion. Under the conditions that DE� l, [Eq. (2)]


Figure 7. ESR spectra of a) [ZnII(O2
.ÿ){MeIm(Py)2}]� and b) [Znii(O2


.ÿ)-
{MeIm(Me)2}]� in frozen EtCN at 133 K.


is reduced to a simple relation, gk � ge � 2l/DE. Thus, the gk
values are used to determine the DE values, since they are the
most sensitive to the DE values.[15] The DE values of the
ZnIIÿO2


.ÿ complexes have been evaluated from deviation of
the gk values from the free-spin value and are listed in Table 1
with the gk values. The DE values of the O2


.ÿ complex with 6


(0.872 eV) and 5 (0.854 eV) are significantly larger than those
of O2


.ÿ complexes with other divalent metal ions (MgII ion:
0.65 eV, CaII ion: 0.58 eV, SrII ion: 0.52 eV, and BaII ion:
0.49 eV);[15] this reflects the strong Lewis acidity of the ZnII


ion relative to other divalent metal ions.[35] The larger DE
value of the O2


.ÿ complex with 6 (0.872 eV) than with 5
(0.854 eV) may be ascribed to the increased Lewis acidity of
the ZnII ion in 6 due to the steric effect of the o-methyl group
of the pyridine moiety of 6.


Further evidence of the steric effect of the o-methyl group
in 6 comes from 19F NMR experiments on the fluoride ion
complexes. The addition of one equivalent of Bu4NF to a
solution of 5 or 6 in CD3CN in the presence of an internal
standard, trifluorotoluene (0 ppm), exhibited new signals at
d�ÿ157 and ÿ108, respectively. The 19F NMR signal of the
Fÿ complex with 6 at lower magnetic field than that with 5
indicates that the Lewis acidity of the ZnII ion in 6 is stronger
than in 5. This is consistent with the larger DE value of the
O2


.ÿ complex with 6 as compared with 5.


Table 1. The gk values and DE values of ESR spectra of Znii-O2
.ÿ


complexes


Complex gk DE [eV]


O2
.ÿ 2.0900 0.319


[Znii(O2
.ÿ){MeIm(Py)2}]2� 2.0351 0.854


[Znii(O2
.ÿ){MeIm(Me)2}]2� 2.0344 0.872
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Conclusion


The ZnII ion in the imidazolate-bridged CuIIÿZnII heterodi-
nuclear complex 1 has been shown to be indispensable for the
reduction of Q .ÿ by the CuI center, which is formed by the
oxidation of Q .ÿ by the CuII center of 1, through coordination
of Q .ÿ to the ZnII ion (Scheme 2), since no reduction of Q .ÿ by
the CuI center occurs in the corresponding CuIIÿCuII homo-
dinuclear complex 2 in EtCN. The binding energies of the
ZnIIÿO2


.ÿ complexes, which reflect the Lewis acidity of the
ZnII ion, have been evaluated from the deviation of the gk
values of ESR spectra from the free-spin value.


Experimental Section


Materials : All chemicals used for the ligand synthesis were commercial
products of the highest available purity and were further purified by the
standard methods.[36] All solvents were also purified by standard methods
before use.[36] The dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)2] was
prepared according to the literature.[37] p-Benzoquinone and hydroquinone
were purchased from the Tokyo Chemical Industry Co., Ltd., and
recrystallized from ethanol prior to use. Tetra-n-butylammonium hydrox-
ide was purchased from Aldrich and used as received. The solution of the p-
benzosemiquinone radical anion (Q .ÿ) was prepared in comproportiona-
tion between p-benzoquinone and hydroquinone in the presence of tetra-n-
butylammonium hydroxide as described in the literature.[38]


Synthesis of ligands : All ligands used in this study were prepared according
to the following procedures and the structures of the products were
confirmed by the analytical data (vide infra).


4,5-Bis[di(2-pyridylmethyl)aminomethyl]imidazole (Hbdpi), (1-methyl-4-
imidazolylmethyl)bis(2-pyridylmethyl)amine [MeIm(Py)2]: This com-
pound was prepared as described previously.[14]


(1-Methyl-4-imidazolylmethyl)bis(6-methyl-2-pyridylmethyl)amine
[MeIm(Me)2]: The same procedure as that for the synthesis of MeIm-
(Py)2


[14] was employed to obtain MeIm(Me)2 by using bis(6-methyl-2-
pyridylmethyl)amine instead of bis(2-pyridylmethyl)amine. Yield: 2.50 g
(97.3 %); 1H NMR (400 MHz, CDCl3, 25 8C, TMS) d� 2.51 (s, 6 H; CH3Py),
3.62 (s, 3H; CH3Im), 3.69 (s, 2 H; NCH2Im), 3.83 (s, 4 H; NCH2Py), 6.87 (s,
1H; Im), 6.97 (d, J� 5.2 Hz, 2H; Py), 7.36 (s, 1 H; Im), 7.48 (d, J� 5.2 Hz,
2H; Py), 7.53 (t, J� 5.2 Hz, 2 H; Py). 13C NMR (100 MHz, CDCl3, 25 8C,
TMS) d� 24.1 (CH3Py), 33.0 (CH3Im), 51.3 (CH2), 59.5 (CH2), 118.5 (Im),
119.4 (Py), 120.9 (Py), 136.3 (Py), 137.0 (Im), 139.3 (Im), 157.0 (Py), 159.1
(Py).


Synthesis of Complexes: All complexes used in this study were prepared
according to the following procedures and the products were confirmed by
the analytical data (vide infra).


[CuiiZnii(bdpi)(CH3CN)2](ClO4)3 ´ 2 CH3CN (1), [Cuii
2(bdpi)(CH3CN)2]-


(ClO4)3 ´ CH3CN ´ 3 H2O (2): These complexes were prepared as described
previously.[14]


[Znii{MeIm(Py)2}(CH3CN)](ClO4)2 (5): Zn(ClO4)2 ´ 6 H2O (0.37 g, 1.0�
10ÿ3m) in methanol (10 mL) was added dropwise to a solution of
MeIm(Py)2 (0.29 g, 1.0� 10ÿ3m) in methanol (10 mL). After the mixture
had stood for a few days at room temperature, the microcrystals that had
precipitated were isolated and recrystallized from CH3CN. Yield: 0.365 g
(60 %); ESI MS data: m/z : 456 [MÿClO4]� ; elemental analysis calcd (%)
for C19H23N6Zn1Cl2O8.5 : C 37.55, H 3.81, N 13.83; found: C 37.43, H 3.49, N
13.95.


[Znii{MeIm(Me)2}(H2O)](ClO4)2 (6): was prepared in the same manner as
5 but by using the MeIm(Me)2 ligand instead of MeIm(Py)2. Yield: 0.396 g
(64 %); ESI MS data: m/z : 484 [MÿClO4]� ; elemental analysis calcd (%)
for C19H27N5Zn1Cl2O10: C 36.70, H 4.38, N 11.26; found: C 36.43, H 3.81, N
11.25.


Spectral measurements : Electronic spectra were measured with a Hew-
lett ± Packard HP8452A or 8453 diode-array spectrophotometer with a
Unisoku thermostated cell holder designed for low-temperature experi-


ments (fixed within �0.5 8C). After the deaerated solution of the SOD
model complex (1.0� 10ÿ4m) in the cell had been kept at the desired
temperature for several minutes, semiquinone radical anion was added with
a syringe. Formation of the intermediates was monitored by the absorption
change at 585 nm. The rate constant for the stoichiometric dispropor-
tionation of Q .ÿ (kobs) was determined by monitoring the decrease in the
absorption band due to Q .ÿ (lmax� 422 nm).
1H, 13C, and 19F NMR measurements were performed with a JEOL JNM-
GSX-400 (400 MHz) NMR spectrometer.


ESR spectra were taken on a JEOL JES-RE1X X-band spectrometer
equipped with an attached variable temperature apparatus under non-
saturating microwave power conditions. A quartz ESR tube (4.5 mm i.d.)
containing an oxygen-saturated solution of (BNA)2 (1.0� 10ÿ4m) in EtCN
and a ZnII complex (5.0� 10ÿ3m) was irradiated in the cavity of the ESR
spectrometer with the light of a 1000 W high-pressure Hg lamp focused
through an aqueous filter. All the spectra were recorded at 133 K. The g
values were calibrated with a MnII marker used as a reference.


Resonance Raman spectra were excited at 632.8 nm with a He-Ne laser and
detected with a JASCO NR-1800 triple polychromator equipped with a
liquid-nitrogen-cooled Princeton Instruments CCD detector. Raman
measurements were carried out with a spinning cell and the laser power
was adjusted to 50 mW at the sample point. Raman shifts were calibrated
by using acetonitrile, with the accuracy of the peak positions of the Raman
bands being �1 cmÿ1.


ESI mass spectra were obtained with an API 150 triple-quadrupole mass
spectrometer (PE-Sciex) in positive-ion detection mode, equipped with an
ion spray interface. The sprayer was held at a potential of 5.0 kV, and
compressed N2 was employed to assist liquid nebulization. The positive-ion
ESI mass spectra were measured in the range m/z 100 ± 1000.
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What Is the Difference between the Manganese Porphyrin and Corrole
Analogues of Cytochrome P450�s Compound I?


Sam P. de Visser,[a] François Ogliaro,[a] Zeev Gross,*[b] and Sason Shaik*[a]


Abstract: Density functional calcula-
tions on oxo ± manganese complexes of
corrole (1) and porphyrin (2 and 3) show
a fundamental difference. The ground
state of 1 is the singlet manganese(v)
state, 1A(MnV), in which corrole is a
closed shell. In contrast, 2 and 3 have
high-spin manganese(iv) states, 3A1u and
3A2u, respectively. This difference and
the state ordering for each system are
rationalized based on the competition


between the intrinsic tendency of man-
ganese to prefer high-spin electronic
configurations, vis-aÁ-vis the general ten-
dency to prefer double occupancy in the
low-lying orbitals. The outcome of this


competition is determined primarily by
the identity of the macrocycle, corrole
versus porphyrin. Corrole with a small
cavity holds the MnO moiety with a high
off-plane displacement, and thereby
prefers the low-spin state. On the other
hand, porphyrin with the wider cavity
holds the MnO moiety closer to the
plane, and thereby prefers high-spin
states.


Keywords: density functional calcu-
lations ´ metalloenzymes ´ oxo-
manganese corrole ´ oxomanganese
porphyrin


Introduction


Cytochrome P450 constitutes a family of enzymes that are
responsible for many catalytic reactions, involving both
biodegradation and biosynthesis.[1] From a structural point
of view, the common feature of all cytochrome P450 species is
a cysteinate-coordinated iron(iii) porphyrin placed within a
cavity provided by the apo-protein. Most, albeit not all, of the
catalytic reactions are considered to proceed through a high-
valent (oxo)iron intermediate, the so-called Compound I.
Compound I contains the oxygen atom that is ultimately
transferred to the organic substrate. Despite enormous
efforts, this active form of P450 has never been fully
characterized. But, Compound I of the related horseradish
peroxidase (HRP-I, histidine is coordinated to the metal) has
been identified as an oxoiron(iv) porphyrin radical complex
by many spectroscopic methods. These intriguing biochemical
systems initiated the development of synthetic catalysts for


the selective oxidation of organic substrates under mild
reaction conditions.[2, 3, 4]


In the course of these investigations manganese porphyrins
were found to be more potent catalysts than analogous iron
complexes.[2a] Nevertheless, characterization of the active
species of these manganese complexes has remained a
formidable task for a very long time. A recent breakthrough
was provided by Groves and co-workers, who have shown that
positively charged ortho-pyridylium meso substituents stabi-
lize the manganese(v) oxidation state in porphyrins (MnVO-
Por) to an extent that allows spectroscopic investiga-
tions.[2d, 2e, 2f] More recently, an (oxo)manganese(v) complex
with a corrole (MnOCor) rather than a porphyrin ring was
synthesized by one of us and found to be relatively long-lived
and of low oxygen-transfer reactivity.[5] In both MnVOPor and
MnVOCor systems, the diamagnetism of the complexes was
used as the main support for the (oxo)manganese(v) assign-
ment. Another important catalytic system that might proceed
through (oxo)manganese(v) intermediates is that based on
salen complexes.[6, 7]


The generation of corrole complexes provided an intriguing
puzzle regarding the reactivity of MnVOPor vis-aÁ -vis MnVO-
Cor. Thus, while the former epoxidizes olefins fast and
efficiently, the latter was reported to be quite a sluggish
oxidant. The reason for this intriguing pattern is unclear and
its understanding is important and once achieved, may serve
as means to design better oxidation catalysts.


To gain insight into the nature of the (oxo)manganese(v)
moiety in synthetic and biological catalysts, we decided to
study the oxomanganese corrole [MnOCor] (1) and compare
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its properties with the isoelectronic oxomanganese porphyrin
cation [MnOPor]� (2) and the hexaccordinate water complex
[MnOPorH2O]� (3). One important difference between the
porphyrin and corrole rings is that while corroles act as
trianionic ligands (supplying a charge of 3ÿ ), porphyrins are
dianionic. Since the oxo ligand is counted as O2ÿ, five-
coordinate MnOCor is neutral, whereas the corresponding
porphyrin complexes are either positively charged or charge-
balanced by an additional anionic ligand (trans to the metal-
oxygen, to give a hexacoordinate complex).[8] To keep
comparable spin states, the same oxidation states were
investigated for both complexes. Water was chosen as a
ligand for 3 because many of the synthetic catalysts may
involve this weak ligand.[2b] The present results will be
compared with our recent studies of iron-based Compound
I[9] and with recent results by Ghosh et al. on metallocorrole
systems.[10]


Computational Methods


Quantum-chemical calculations were performed with the
Jaguar 4.1 program package.[11] The hybrid density functional
method UB3LYP with the double zeta quality LACVP basis
set was used. The complexes were optimized in the three
different relevant spin states, that is singlet, triplet, and
quintet. Both ferro- and antiferromagnetic pairs were calcu-
lated wherever appropriate.


Density functional theory often yields incorrect ordering of
spin states for transition metals. This arises especially in
situations of s1dnÿ1 versus dn configurations (as, for example, in
Fe�) for which it is now well documented that hybrid density
functionals favor artificially the electronic configurations with
high d population.[12] These deficiencies largely disappear in
transition metal complexes in which the metal s orbital is not
available anymore (due to its involvement in bonding orbitals
which are invariably doubly occupied). Thus, unless one
computes a process in which a metal or a metal ion is
extruded, one can consider the state ordering to be reliable at
least in a qualitative sense. In reactions of metal ion extrusion
it is often sufficient to shift the energy level of the metal or
metal ion as done, for example, in reference[13]. Another
concern is the calculation of excited states, as done here. Our
experience with a variety of transition metal species is that if a
given orbital occupation scheme is maintained throughout the
iterative procedure of orbital optimization, the results should
be reliable, at least in a qualitative sense. This is so perhaps
due to the strong local symmetry of the metal orbitals in an
octahedral field. Finally, spin contamination is a problem in
quantum chemistry. However, its energy aspects are less
severe in density functional calculations. Furthermore, spin-
projection techniques, which are widely used in molecular
orbital calculations are less meaningful in density functional
theory. The spin contamination in systems 1 ± 3 is quite
moderate and the relative energies can be assumed reliable.
Caution along with detailed understanding of the electronic
structure is a good recipe in any density functional calcula-
tions of transition metal species.


Orbital Scheme and State Assignment


The highest lying occupied and lowest lying virtual molecular
orbitals of [MnOPor]� and MnOCor are schematically
depicted in Scheme 1 and 2, respectively. The left-hand-side
of Schemes 1 and 2 shows the set of five manganese d orbitals
(d, p*xz, p*yz, s*xy, and s*z2, with the x and y axes passing
through the meso-carbon atoms). Lowest lying is the non-
bonding d orbital, followed by a virtually degenerate pair of
p*MnO orbitals resulting from the interaction of the manganese
dxz and dyz orbitals with the px and py atomic orbitals of
oxygen. The highest lying and virtual orbitals are s* type,
which are antibonding in the MnÿN linkages (s*xy) and in the
MnÿO bond (s*z2).


On the right-hand-side of Schemes 1 and 2, we present the
two highest occupied porphyrin/corrole orbitals.[5, 10b] With 16
atoms in the macrocyclic periphery (discounting the Cb ± Cb


moieties of the pyrole rings), porphyrin possesses an almost


Abstract in Dutch: De fundamentele verschillen tussen oxo-
mangaan complexen met corrool (1) en porfyrine (2 en 3) zijn
met behulp van dichtheidsfunctionaal berekeningen aange-
toond. De grondtoestand van 1 is een singulet mangaan(v)
toestand, 1A(MnV), waarin corrool een gesloten schil heeft.
Complexen 2 en 3 daarentegen hebben een hoog-spin man-
gaan(iv) grondtoestand, respectievelijk 3A1u en 3A2u. Dit
verschil tesamen met de toestandsvolgorde voor elk systeem
is gerationalizeerd op de basis van de competitie tussen de
intrinsieke voorkeur van mangaan voor hoog-spin electroni-
sche configuraties ten opzichte van de algemene voorkeur voor
dubbel-bezetting van de laagliggende orbitalen. Het resultaat
van deze competitie wordt voornamelijk bepaald door de
identiteit van de macrocyclus, corrool ten opzichte van
porfyrine. De MnO eenheid zit in de corrool groep ingesloten
doch is sterk uit het vlak getild waardoor de laagspin toestand
de voorkeur krijgt. Porfyrine daarentegen heeft de MnO
eenheid dichterbij het vlak, wat de voorkeur geeft aan hoogspin
toestanden.


Abstract in Hebrew:
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Scheme 1. Key high-lying occupied and low-lying virtual orbitals of
[MnOPor]� .


degenerate pair of orbitals. The symmetry labels a1u and a2u


are for D4h symmetry, but for convenience we use these labels
also for the lower symmetry systems. With a CH group missing
in corrole, the macrocyclic periphery of corrole has 15 atoms
and also leads to a pair of virtually degenerate orbitals,
designated as a2 and b1 in Scheme 2. These latter labels
correspond to the C2v symmetry of the complex, however, to
keep the analogy with porphyrin[10b] we label them also as a1u


and a2u.


Results and Discussion


All optimized electronic states
are presented in Tables 1 ± 3,
which provide relative energies,
group spin densities, and critical
bond lengths for the electronic
states of optimized 1, 2, and 3.
The term symbols of the states
are not related to the real state
symmetry, but provide a com-
monly accepted nomenclature.
Thus, all states that involve a


Scheme 2. Key high-lying occupied and low-lying virtual orbitals of
MnOCor.


single-electron occupancy in a1u and a2u (Scheme 1) are
symbolized by A2u and A1u, respectively, and for all the
closed-shell states (e.g., Table 1, entry 1) and their excited
states (e.g., Table 1, entry 9) we use plain A as the term
symbol. In all cases we provide the manganese oxidation
state[8] in parentheses and the spin multiplicity (2S� 1).
Further information is provided by the orbital occupancy.


Although all the target species are isoelectronic, their
ground states were found to exhibit substantial differences.


Table 1. State characterization, relative energies, group spin densities (1), and critical bond parameters (r, D) of
MnOCor.[a]


Entry Electronic Orbital Erel 1Mn 1O 1Cor rMnO rMnN D


configuration occupancy [kcal molÿ1] (average)


1 1A(MnV)[b] (d2 a1u
2 a2u


2) 0.0 0.0 0.0 0.0 1.557 1.953 0.602
2 5A2u(MnIV) (d1 p*1 p*1 a2u


1) 2.8 2.5 0.5 1.0 1.660 1.966 0.417
3 3A2u(MnIV) (d1 p*1 p*1 a2u


1) 3.8 2.5 0.5 ÿ 1.0 1.659 1.964 0.420
4 3A2u'(MnIV) (p*xz


1 a2u
1) 3.6 0.9 0.2 1.0 1.594 1.966 0.499


5 1A2u'(MnIV) (p*xz
1 a2u


1) 3.8 0.8 0.1 ÿ 0.9 1.589 1.965 0.509
6 5A1u(MnIV) (d1 p*1 p*1 a1u


1) 5.7 2.5 0.6 0.9 1.667 1.958 0.426
7 1A1u'(MnIV) (p*xz


1 a1u
1) 5.7 0.8 0.2 ÿ 1.0 1.596 1.959 0.519


8 3A1u'(MnIV) (p*xz
1 a1u


1) 6.1 0.8 0.2 1.0 1.597 1.959 0.519
9 3A(MnV) (d1 p*xz


1) 7.5 2.4 ÿ 0.2 ÿ 0.2 1.637 1.953 0.507


[a] Bond lengths are in �. The MnÿN bond length is the average value of the four individual values.
[b] Calculated with RODFT.
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The lowest electronic state of the corrole analogue 1 (Table 1,
entry 1) is 1A(MnV), that is a singlet state with doubly
occupied d, a1u and a2u orbitals and two empty p* orbitals. In
contrast, the ground states of 2 and 3 possess a high-spin
manganese(iv) ion whose electrons are coupled to the
porphyrin radical in either a ferro- or antiferromagnetic
fashion (Tables 2 and 3). The corresponding quintet and
triplet states are virtually (but accidentally) identical in
energy. Interestingly, while in 2 the most stable 3,5A1u(MnIV)
states with a single a1u electron are quite close in energy to the
3,5A2u(MnIV) states, in 3 the lowest states are 3,5A2u(MnIV),
which are well separated from the 3,5A1u(MnIV) states. In other
words the sixth ligand in 3 has a significant effect on the
ordering of the a1u and a2u orbitals.


The trends in the MnÿO bond lengths in Tables 1 ± 3
support the variation in the occupation of the p*MnO orbitals.
For instance, the 1A(MnV) state of 1 has two empty p* orbitals
and a short MnÿO bond length of 1.557 � (Table 1, entry 1).
With one electron in a p* orbital this value increases to 1.59 �
(Table 1, entries 4, 5) and with two triplet-coupled p*
electrons the bond length becomes 1.66 � (Table 1, entries
2, 3). The other geometric features are the displacement, D, of
the manganese atom relative to the plane of the macrocycle,
and the average MnÿN distance. Clearly, MnO(Cor) has the
largest D and the shortest MnÿN distance.[14] In all spin states,
we also note that these values change significantly. For
example, the 1A(MnV) states of 1, 2, and 3 have large D values
and short MnÿN bonds, which are apparently essential for the
stabilization of 1A(MnV).


Another evident trend in the Tables 1 ± 3 is the tendency of
manganese to prefer wherever possible high-spin situations.
Thus for example, in 2 (Table 2, entries 1, 2) the 3,5A1u (MnIV)
states with d1 p*1 p*1 a1u


1 occupation are lower by about
4 kcal molÿ1 than 3A1u'(MnIV) with d2 p*1 p*0 a1u


1 occupation


(Table 2, entry 5). This known
effect[2d] originates in the large
d ± d exchange stabilization of
the small manganese atom, and
is expected to play an important
role in determining the identity
of the ground state of the com-
plex.


The salient features of Tables
1 ± 3 are summarized in Fig-
ure 1, which depicts the rela-
tionship of the lowest lying
states for the three systems, in
terms of a state correlation
diagram. To highlight the state
reversals, we define arbitrarily
as zero the energy of the 1A
state. The first change appears
as we move from the five-coor-
dinate corrole complex 1 to the
corresponding porphyrin com-
plex 2. Thus, in 1 the closed
shell 1A(MnV) situation is the
ground state, while the high-
spin 5A2u(MnIV) and 5A1u(MnIV)


are excited states. The corrole!porphyrin replacement
reverses the order and establishes 5A1u(MnIV) as the ground
state, whereas 1A(MnV) lies significantly higher in energy.
Adding a water molecule as an axial ligand reverses the
3,5A1u(MnIV) ± 3,5A2u(MnIV) ordering, making the latter the
ground state. The 1A (MnV) state is still a high-lying excited
state. Thus, unlike the situation in MnOCor which stabilizes
the MnV state, in [MnOPor]� with and without a sixth ligand
the MnV is an excited state. We shall now try to explain these
features.


Figure 1. State correlation for the 1A(MnV), 5A2u(MnIV), and 5A1u(MnIV) in
1, 2, and 3. The zero is arbitrarily defined as the 1A energy in each case.


Table 2. State characterization, relative energies, group spin densities (1), and critical bond parameters (r, D) of
[MnOPor]�.[a]


Entry Electronic Orbital Erel 1Mn 1O 1Por rMnO rMnN D


configuration occupation [kcal molÿ1] (average)


1 3A1u(MnIV) (d1 p*1 p*1 a1u
1) ÿ 5.9 2.5 0.6 ÿ 1.1 1.654 2.024 0.266


2 5A1u(MnIV) (d1 p*1 p*1 a1u
1) ÿ 5.8 2.5 0.6 0.9 1.655 2.024 0.263


3 5A2u(MnIV) (d1 p*1 p*1 a2u
1) ÿ 5.3 2.5 0.6 0.9 1.650 2.036 0.252


4 3A2u(MnIV) (d1 p*1 p*1 a2u
1) ÿ 5.2 2.5 0.6 ÿ 1.1 1.650 2.036 0.254


5 3A1u(MnIV) (p*xz
1 a1u


1) ÿ 1.9 1.0 0.0 1.0 1.590 2.024 0.342
6 1A(MnV) (d2 a1u


2 a2u
2) 0.0 0.0 0.0 0.0 1.541 2.002 0.416


[a] Bond lengths are in �. The MnÿN bond length is the average value of the four individual values.


Table 3. State characterization, relative energies, group spin densities (1), and critical bond parameters (r, D) of
[MnOPorH2O]�.[a]


Entry Electronic Orbital Erel 1Mn 1O 1Por 1H2O rMnO rMn´OH2
rMnN D


configuration occupation [kcal molÿ1] (average)


1 3A2u(MnIV) (d1 p*1 p*1 a2u
1) ÿ 13.2 2.3 0.8 ÿ 1.1 0.0 1.661 2.177 2.040 0.122


2 5A2u(MnIV) (d1 p*1 p*1 a2u
1) ÿ 13.2 2.4 0.7 0.9 0.0 1.662 2.177 2.041 0.119


3 3A1u(MnIV) (d1 p*1 p*1 a1u
1) ÿ 10.8 2.3 0.8 ÿ 1.1 0.0 1.664 2.200 2.029 0.125


4 5A1u(MnIV) (d1 p*1 p*1 a1u
1) ÿ 10.2 2.4 0.7 0.9 0.0 1.661 2.210 2.030 0.137


5 1A(MnV) (d2 a1u
2 a2u


2) 0.0 0.0 0.0 0.0 0.0 1.535 2.223 2.009 0.268


[a] Bond lengths are in �. The MnÿN bond length is the average value of the four individual values.
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A few factors conspire to make MnOCor an 1A(MnV)
ground state, as opposed to [MnOPor]� that has an 3,5A1u


(MnIV) ground state. One factor is orbital energy, which tends
to prefer closed shell states, and the other one is the d ± d
exchange stabilization that is large for manganese and prefers
high-spin situations.[2d]


The orbital energy factor is associated with the displace-
ment of the manganese atom relative to the plane of the
porphyrin or corrole ring. This displacement enables the
mixing between the p*MnO orbitals and the in-plane bonding
ªeuº orbitals of the porphyrin or corrole rings. In fact,
inspection of the p*MnO orbitals in Schemes 1 and 2 reveals
this mixing, and shows that the p*MnO orbitals involve
antibonding interactions with the s lobes of the ªeuº orbitals.


To understand the outcome of this mixing we reconstruct it
in Scheme 3 from the pure fragment orbitals: p*(pure) and
eu(pure). The eu(pure) orbitals are lower lying since they are
involved in MnÿN bonding.[15] By mixing with p*(pure), the eu


orbitals acquire an increased bonding character (l is the
mixing coefficient). This strengthens and shortens the MnÿN
bonds. In contrast the p* orbitals acquire antibonding
character and are therefore raised in energy. To begin with,
due to the smaller bite of corrole compared with porphyrin,
MnO(Cor) will have a large D.[16] Consequently, the inter-
actions in Scheme 3 will be stronger in MnO(Cor) than in
[MnOPor]� . It follows therefore, that MnO(Cor) will have
shorter MnÿN bonds, larger D, and higher p* orbitals, than
[MnOPor]� .


Clearly, the orbital energy factor will disfavor occupancy in
the p* orbitals, and will favor a d2p*0a1u


2a2u
2 occupation. This


orbital energy effect will compete with the d ± d exchange
stabilization that prefers d1p*1p*1a1u


2a2u
1. In MnOCor the p*


orbitals are raised sufficiently to override the exchange
stabilization leading to a 1A(MnV) ground state. In MnOPor�,
the p* orbitals are not raised as much and the exchange
stabilization wins over, and favors the d1p*1p*1a1u


1a2u
2 (3,5A1u)


state over the 1A(MnV) state.


Let us discuss now the ligand effect on [MnOPor]� . Adding
a water molecule to [MnOPor]� is seen to stabilize the 3,5A2u


(MnIV) states, while the 1A(MnV) state lies now 13.2 kcal molÿ1


higher (Figure 1, Table 3). The reason for this is the following.
In the absence of a sixth ligand, the manganese atom is pulled
off plane with respect to the ring (Scheme 4). This can be seen


Scheme 4. a) Orbital mixing of a2u with s*z2, and resulting a2u orbital in
[MnOPor]� . b) sO-a2u orbital mixing and resulting a2u orbital in [MnOPor-
H2O]� .


Scheme 3. Mixing of the ªpureº eu pair with the ªpureº p* orbitals to produce bonding and antibonding combinations; l is the mixing coefficient.
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by comparing the D values in Tables 2 and 3 where the
[MnOPor]� states have larger D values than those with the
water complex. Since the Mn atom is hanging off the plane
with a rather large displacement D, the empty s*z2 virtual
orbital can mix with the occupied a2u orbital (these orbitals
have in fact an identical symmetry label in all point groups
equal or lower than C4v) and stabilize it as shown in
Scheme 4 a, which highlights the interaction along the Mn ±
O axis at the bottom. This orbital mixing lowers the a2u orbital
below the a1u orbital that remains unaffected. Consequently,
a2u gets doubly occupied and 3,5A1u(MnIV) becomes the ground
state in [MnOPor]� .


Adding a water ligand to the system will pull the manganese
atom more into the plane of the porphyrin ring (smaller D


values) and at D� 0 the s*z2 ± a2u interaction is turned off.
Furthermore, it is replaced by an antibonding interaction with
the s-oxygen lone pair that raises the a2u orbital (Scheme 4 b).
The destabilization of a2u lowers the 3,5A2u(MnIV) states in
which the orbital is singly occupied. Since the a1u orbital is not
affected, the 3,5A1u(MnIV) states in which a2u is doubly
occupied are now higher lying compared with the situation
in [MnOPor]� (see Figure 1).


We conclude that the preference for [MnIVOPor�.] over
[MnVOPor] does not change with the addition of a sixth ligand
to porphyrin. At least for water, six-coordination disfavors the
singlet even more. Calculations (BPW91) by Ghosh and
Gonzalez[10a] indicate that electronegative ligands like Fÿ may
assist in achieving a 1A(MnV) ground state. Our results
indicate that MnVO is going to be difficult to stabilize. Indeed
as shown by Groves et al.,[2f] it takes positively charged
porphyrin substituents like ortho-pyridilium to stabilize a
singlet PorMnVO state. With corrole, this situation is the
ground state already for the pristine system.


Conclusion


Corrole complexes have an inherent propensity for MnVO,
while the porphyrin complexes prefer MnIVO states.[8] This
difference is shown to originate owing to a combination of
short MnÿN bonds and large Mn out-of-plane displacements
in the corrole, which lead to quite unexpected interactions of
the Mn�O p* orbitals with the in-plane orbitals of the corrole.
Although experimental confirmation for oxo ± manganese
complexes is still lacking, we note that in the highly relevant
oxo ± chromium(v) corrole all these effects have been seen:
large D, short metal ± N bonds, and significant unpaired spin
density on the nitrogen atoms.[16] The intriguing question that
remains to be resolved is how the spin-state preference affects
catalysis in its two most important aspects; reactivity and
selectivity. The existing results with both porphyrins and
corroles suggest that the reactivity of singlet oxo ± mangane-
se(v) complexes is surprisingly low.[2, 5] How this phenomenon
could affect selectivity will be addressed in a forthcoming
investigation by a combination of computational and exper-
imental approaches.
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Comparative Supramolecular Chemistry of Coronene, Hexahelicene, and
[18]Crown-6: Hydrated and Solvated Molecular Complexes of [18]Crown-6
with 5-Hydroxyisophthalic Acid and Related Di- and Tricarboxylic Acids**
Otto Ermer* and Jörg Neudörfl[a]


Abstract: The outer rim of CÿH bonds
of coronene (COR) and hexahelicene
(HEL) is similar to that of the crown
conformation of [18]crown-6 (CRO),
which is exploited for crystal engineer-
ing of molecular complexes of CRO.
However, although CRO does form the
adduct (TMA)2 ´ CRO ´ (H2O)2 (TMA�
trimesic acid� 1,3,5-benzenetricarbox-
ylic acid), its structure does not corre-
spond to the H-bonded, three-connected
honeycomb sheet architectures of
(TMA)2 ´ COR and (TMA)2 ´ HEL. In-
stead, porous, but noninterpenetrating,
H-bonded four-connected sheets are
observed, with the dihydrated, crown-
shaped CRO molecules functioning as
spacers rather than molecular guests. In
the adduct (CHTA)2 ´ CRO ´ (H2O)5


(CHTA� cis,cis-1,3,5-cyclohexanetri-
carboxylic acid), the tetrahydrated CRO
molecules again take up the crown
conformation and act as spacers, this
time within porous, noninterpenetrating
H-bonded three-connected sheets. The
engineering goal of CRO-filled H-bond-
ed, hexagonal honeycomb cavities sim-
ilar to the COR- and HEL-filled TMA
honeycomb pores in (TMA)2 ´ COR and
(TMA)2 ´ HEL was met in the adduct
(HIPA)6 ´ CRO ´ (H2O)10 (HIPA� 5-hy-
droxyisophthalic acid), crystallized from
aqueous EtOH. The crystal structure of
this complex is on the one hand built up
of isolated hexagonal honeycomb cav-


ities established by six HIPA molecules
cyclically linked through pairwise inter-
carboxylic H bonds. These cavities ac-
commodate the crown-shaped CRO
molecules, oriented such that maximally
straight CÿH ´´´ O contacts are enabled
between its 12 equatorial H atoms and
the surrounding 12 carboxylic groups of
HIPA, in complete analogy to the sit-
uation prevailing in (TMA)2 ´ HEL and
(probably) (TMA)2 ´ COR. The second
building block of (HIPA)6 ´ CRO ´
(H2O)10 is represented by a centrosym-
metric decameric water cluster, which
has the connectivity of the carbon skel-
eton of a bishomocubane with opposite
methylene bridges, in agreement with
vibrational spectroscopic evidence on
gaseous (H2O)10. The crystal architec-
ture of the adduct as a whole may either
be likened to a severely distorted NaCl-
type lattice, with the (HIPA)6 ´ CRO
units replacing, for example, the Na�


ions, and the water clusters substituting
the Clÿ ions, or else to a system of
stacked host sheets set up by CÿH ´´´ O
bonded (HIPA)6 macrorings, which give
rise to perpendicular channels taking up
guest columns of alternating, H-bonded


CRO and (H2O)10 units. Crystals of
another, solvated HIPA ± CRO adduct
of the composition (HIPA)4. ´ CRO ´
(EtOH)2 were obtained from aqueous
EtOH. Their crystal structure is related
to those of (TMA)2 ´ HEL and (TMA)2 ´
COR inasmuch distorted HIPA honey-
comb sheets are adopted, which may be
developed from the hexagonal TMA
sheets by replacing one third of the
pairwise intercarboxylic linkages by sin-
gle interphenolic H bonds. The cavities
in the HIPA sheets are thus smaller than
those of the TMA honeycomb sheets
and elliptically shaped. The HIPA sheets
associate in pairs yielding twin cavities
which take up one CRO and two EtOH
molecules. The CRO molecules are
suspended in the twin HIPA cages
through H bonds extended from the
phenolic OH groups and relayed by
interposed EtOH ªbridgesº. In keeping
with the elliptic shape of the pores in
(HIPA)4 ´ CRO ´ (EtOH)2, the CRO
molecules are not crown-shaped, but
rather adopt the more rectangular form
as observed in crystalline CRO itself.
The crystal structure of a dihydrate of
HIPA itself was analysed, too, which
assembles in a complex three-dimen-
sional H-bonded network. It is finally
concluded that hydrated CRO appears
to be an avid H-bond acceptor, in
particular towards carboxylic acids func-
tioning as H-bond donors.


Keywords: crown compounds ´
crystal engineering ´ hydrogen
bonds ´ supramolecular chemistry ´
water decamer


Introduction


The prominent aromatic hydrocarbons coronene (COR),
[18]annulene (ANN), and hexahelicene (HEL) have similar
molecular shapes and chemically corresponding outer rims
(Figure 1). It was shown in a previous communication[1] that
COR and (racemic) HEL form molecular complexes with
trimesic acid (TMA) since they fit well into the hexagonal
chambers of the H-bonded TMA honeycomb sheets. These


[a] Prof. Dr. O. Ermer, J. Neudörfl
Institut für Organische Chemie der Universität
Greinstrasse 4, 50939 Köln (Germany)
Fax: (�49) 221-4705057


[**] Abbreviations of substances: CRO: [18]crown-6; COR: coronene;
HEL: hexahelicene; ANN: [18]annulene; CR15: [15]crown-5; HIPA:
5-hydroxyisophthalic acid; TMA: trimesic acid (1,3,5-benzenetricar-
boxylic acid); CHTA: cis,cis-1,3,5-cyclohexanetricarboxylic acid;
NIPA: 5-nitroisophthalic acid; IPA: isophthalic acid; DMGA: 2,2-
dimethylglutaric acid; TGA: trans-glutaconic acid; GA: glutaric acid;
HQ: hydroquinone.
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Figure 1. Stereochemical connection of COR, ANN, HEL, and the crown
conformation of CRO. Top: line drawings; below: space-filling representa-
tions. Note the chemically and dimensionally similar outer rims of the
molecules, which are drawn to the same scale.


complexes have the composition (TMA)2 ´ COR and
(TMA)2 ´ HEL with the hydrocarbon guest molecules sus-
pended in the host cavities by means of favorable CÿH ´´´ O
contacts. Here we extend this study to the prototypal crown
ether molecule [18]crown-6 (CRO) the crown conformation
of which exhibits a periphery dimensionally and chemically
similar to that of COR, ANN, and HEL. More specifically,
this refers to the 12 equatorial H atoms and CÿH bonds of the
crown conformation of CRO, which are sterically and direc-
tionally similar to the outer H atoms of the three circularly
shaped aromatic hydrocarbons COR, ANN, and HEL (Fig-
ure 1; note also the common origin of the substance names
ªcoroneneº and ªcrown etherº). These stereochemical inter-
relations are entirely analogous to those between the six
equatorial H atoms of the chair form of cyclohexane and the
hydrogen periphery of benzene, since the axial ± equatorial
differentiation of the H atoms of the chair form of cyclo-
hexane can be transposed exactly to the crown form of CRO.
This is illustrated in Figure 2, which shows that ideally the


Figure 2. Conformational interrelation of the crown conformation of CRO
and the chair form of cyclohexane (idealized). The directionalities of all
bonds of both structures correspond to the space diagonals of one common
cube. Note the fully analogous axial ± equatorial differentiation of the CÿH
bonds in both conformations.


crown conformation of CRO of symmetry D3d may be
inscribed into a cyclohexane chair scaled up to approximately
triple size, such that all CÿC, CÿO, and CÿH bonds are
directed parallel to the space diagonals of one common cube.
Thus the ring torsion angles around the CÿC bonds in the
idealized crown conformation of CRO assume the magnitude
608 with the signs alternating, while those around the CÿO
bonds are antiplanar (1808).


It appears that our comparative supramolecular planning
would require the crown form of CRO to be the most
favorable conformation, but very probably this is not the
case.[2] While almost free from torsional and angle strain, this
form suffers from severe nonbonded repulsions between the
oxygen atoms, all directed towards the interior of the ring
including in particular their equatorial lone pairs. However, if
these repulsions are alleviated through complexation of metal
cations or through hydrogen bonding with suitable partners,
the crown conformation of CRO is turned into the energetical
favorite, as has been frequently observed.[2b] In the present
context, we accordingly surmised that specifically hydration
might come to our aid in stabilizing the crown conformation.
This indeed did occur as reported herein. In relating COR and
CRO as supramolecular congeners, the energetic aspect
regarding the strength of the CÿH ´´´ O contacts both
molecules are capable of establishing, is evidently also of
relevance. Because of the carbon sp2 hybridization in
COR, its H atoms are more acidic than those of CRO
involving sp3 C atoms. Therefore, COR should be a
better H donor for CÿH ´´´ O bonding than CRO although
some H activation is provided in the cyclic hexaether,
too, by the electronegative O atoms bonded to the methylene
groups. CRO may thus also be expected to exhibit a
reasonable inclination towards engagement in CÿH ´´´ O
contacts of appreciable strength. Our supramolecular experi-
ments with CRO were initially targeted to uncover additional
support as regards the orientation of the COR molecules
in the TMA host chambers of (TMA)2 ´ COR the structure of
which could not be fully solved by crystallographic means,
probably due to stacking disorder of the honeycomb sheets.[1]


Eventually, however, the work took a rather different
course beyond the initial goal, and was rewarded by some
unexpected and intriguing observations, which we deem
worth reporting.
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Results and Discussion


Hydrated CRO functioning as spacer in the molecular
complexes with TMA, CHTA, DMGA, and TGA : Quite
naturally, the creation of a molecular complex of TMA and
CRO was attempted first. Indeed good parallelepipedic
crystals of a 2:1 adduct were readily obtained in the form of
a dihydrate from aqueous ethanol, corresponding to the
formulation (TMA)2 ´ CRO ´ (H2O)2. Although the 2:1 molar
ratio of TMA and CRO would comply with a honeycomb
sheet architecture as in (TMA)2 ´ COR and (TMA)2 ´ HEL,[1]


the X-ray analysis furnished an entirely different crystal
structure of (TMA)2 ´ CRO ´ (H2O)2. A section of the triclinic
crystal architecture (space group P1Å with one formula unit in
the cell; see Table 1) is shown in Figure 3 a. The centrosym-
metric CRO molecule takes up the crown conformation and is
doubly hydrated through four hydrogen bonds engaging the
water H atoms (O ´´´ O separations 2.842(2) and 2.899(2) �).
The water molecules are involved in a third H bond the H
atom of which is donated by a carboxyl group of a TMA
molecule (O ´´´ O 2.538(2) �). In turn, the TMA molecules
are grouped in macrocyclic, centrosymmetric dimers brought
about by two opposite single intercarboxylic H bonds (O ´´´ O
2.710(1) �). The remaining carboxyl group of the TMA
molecules is utilized for linking up the macrocyclic dimers
through the usual centrosymmetric H bond pairs to form
straight chains (O ´´´ O 2.627(1) �). These chains of doubly
H-bonded macrocyclic TMA dimers are coupled by the
hydrated CRO molecules through the above-mentioned H
bonding pattern, such that ultimately two-dimensional four-
connected sheets are seen to emerge, which are essentially
planar. Figure 3 b gives an impression of these extended
supramolecular sheet architectures. The dihydrated CRO
molecules may be viewed as spacers separating the TMA
chains and thus giving rise to roughly parallelogram-shaped


cavities, into which CRO molecules of neighboring, non-
interpenetrating sheets extend (Figure 3 c).


CRO was found to also form a hydrated complex with
5-nitroisophthalic acid (NIPA) of the composition (NIPA)2 ´
CRO ´ (H2O)2 the crystal structure of which we investigated as
well. The essential X-ray data of these crystals with the same
molar component ratios as in the above TMA complex, are as
follows: triclinic, space group P1Å, Z� 1; a� 7.6149(2), b�
8.0229(2), c� 14.8850(4) �, a� 104.195(2), b� 104.666(1),
g� 92.117(2)8, V� 848.12 �3; R1� 0.054, 3043 significant
reflections. The cell dimensions are closely similar to those
of (TMA)2 ´ CRO ´ (H2O)2 (see Table 1), and the structure
analysis revealed the detailed crystal architectures of both
adducts to be entirely analogous as well. The structure of
(NIPA)2 ´ CRO ´ (H2O)2 may be developed out of that of
(TMA)2 ´ CRO ´ (H2O)2 essentially through rupture of the H
bonds holding the macrocyclic TMA dimers together and
replacement of the affected carboxyl groups, which are not
H-bonded to the hydrated CRO molecules, by nitro functions.
Rather than by sheets, the crystal structure of the NIPA
complex is thus instead characterized by H-bonded chains
with alternating hydrated CRO molecules and doubly con-
nected NIPA pairs. We could furthermore create a hydrated
complex of TMA with [15]-crown-5 (CR15) with the compo-
sition (TMA)2 ´ CR15 ´ (H2O)2. The crystal structure of this
adduct is fully analogous to that of (TMA)2 ´ CRO ´ (H2O)2


with practically the same H-bonded four-connected sheets.
This is also reflected in the similar cell data, but it is pointed
out that the CR15 molecules, which occupy centrosymmetric
sites, are necessarily disordered. The basic X-ray results of
(TMA)2 ´ CR15 ´ (H2O)2 are the following: triclinic, space
group P1Å, Z� 2; a� 7.2649(2), b� 15.2815(3), c�
15.7108(4) �, a� 112.312(1), b� 92.966(1), g� 91.254(2)8,
V� 1609.81 �3; R1� 0.109, 5203 significant reflections. The
cell dimensions may be compared with those of (TMA)2 ´


Table 1. Crystal and refinement data.[a]


Complex (HIPA)6 ´ CRO ´ (H2O)10 (HIPA)4 ´ CRO ´ (EtOH)2 (TMA)2 ´ CRO ´ (H2O)2 (CHTA)2 ´ CRO ´ (H2O)5 HIPA ´ (H2O)2


crystal system triclinic triclinic triclinic triclinic monoclinic
space group P1Å P1Å P1Å P1Å P21/c
Z 1 1 1 1 4
T [K] 298 100 298 298 298 298
a [�] 10.2371(3) 10.0250(2) 8.7000(3) 7.4985(2) 7.5261(2) 3.6740(1)
b [�] 14.5422(5) 14.4561(3) 13.0465(4) 8.0224(2) 11.4106(3) 24.9929(7)
c [�] 14.3422(4) 14.3362(2) 13.0463(4) 14.7148(3) 12.8701(3) 10.2409(3)
a [8] 115.498(1) 115.422(1) 119.662(2) 77.046(1) 94.606(2)
b [8] 99.725(1) 100.337(1) 89.848(2) 79.484(1) 103.192(1) 99.443(2)
g [8] 103.801(1) 103.019(1) 97.100(2) 84.412(1) 111.097(2)
V [�3] 1779.41 1735.87 1273.96 846.69 987.78 927.62
dx [gcmÿ3] 1.435 1.471 1.414 1.413 1.323 1.562
dm [g cmÿ3] 1.43 ± ± ± ± ±
Ntot 14 973 29162 8606 13 321 10134 9087
Nindep 7708 11984 5463 3701 4256 2684
Nsig 5662 10581 4220 3083 3216 2369
1res [e�ÿ3] 0.29 0.54 0.25 0.27 0.45 0.37
Rint 0.022 0.016 0.021 0.014 0.013 0.020
R1 0.044 0.035 0.050 0.045 0.057 0.039
wR2 0.126 0.104 0.143 0.128 0.169 0.109


[a] The macroscopic density dm of (HIPA)6 ´ CRO ´ (H2O)10 was measured by flotation in CCl4/mesitylene. Ntot , total number of reflections recorded; Nindep,
total number of independent reflections; Nsig, total number of significant independent reflections with F> 4s(F); 1res, maximum residual electron density;
Rint , agreement index among intensities of equivalent reflections. R1 and wR2 indices include Nsig and Nindep reflections, respectively.







FULL PAPER O. Ermer and J. Neudörfl


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4964 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 224964


CRO ´ (H2O)2 (Table 1) and (NIPA)2 ´ CRO ´ (H2O)2, but in
doing so it should be noted that the cell of the CR15 complex
is roughly doubled since it holds twice the number of
molecules.


Why do the TMA molecules in the crystals of (TMA)2 ´
CRO ´ (H2O)2 not join to form honeycomb sheets with the
(hydrated) CRO molecules embedded in the hexagonal
cavities? In other words: Why is the structure of this complex
so different from that of the adducts (TMA)2 ´ COR and
(TMA)2 ´ HEL, which do build up hydrocarbon-loaded hon-
eycomb sheets? A relevant reason is probably to be sought in
the fact that the thickness of the disc-shaped (hydrated) crown
conformation of CRO is substantially larger than that of the
TMA molecule, that is about 4.5 versus 3.3 �. This incom-


patibility of molecular thick-
nesses might preclude effective
sheet stacking. We therefore
thought that replacing TMA
by cis,cis-1,3,5-cyclohexanetri-
carboxylic acid (CHTA) with
similarly disposed carboxylic
groups might be more promis-
ing in order to encourage the
formation of the targeted su-
pramolecular honeycomb
sheets. The cyclohexane chair
conformation of CHTA and the
crown conformation of CRO
practically have the same thick-
ness, which follows from the
geometrical interrelations of
both conformations as pointed
out in the Introduction and
highlighted in Figure 2. Of
course, the equatorial carbox-
ylic groups of CHTA are not
entirely coplanar as in TMA,
and they are still comparatively
ªthinº, which might weaken the
design concept. Experiment
had to decide, of course, and
supplied us with the factual
answers as reported in the fol-
lowing. Good crystals could
again be easily grown from a
2:1 solution of CHTA and CRO
in aqueous ethanol, this
time with the composition
(CHTA)2 ´ CRO ´ (H2O)5.
X-ray analysis showed CRO to
be tetrahydrated and to take up
the crown conformation. This
molecular ensemble occupies a
crystallographic center of sym-
metry (space group P1Å with one
formula unit in the cell; see
Table 1). The fifth water mole-
cule is positionally disordered
and may be referred to as


ªinterstitialº, in a sense pointed out further below.
The structure of the tetrahydrated CRO molecule may be


derived from that of the dihydrate as occurring in (TMA)2 ´
CRO ´ (H2O)2 by insertion of two additional water molecules
such that all six oxygen atoms of CRO become involved in H
bonding. The tetrahydrate is held together by a total of eight
H bonds, two of which link water molecules; the O ´´´ O
distances of the latter H bonds measure 2.674(2) �, while the
others range from 2.853(2) to 2.880(2) �. This H bonding
pattern is illustrated in Figure 4 a, which should be compared
to Figure 3 a in order to appreciate the interrelations with the
CRO dihydrate of the TMA complex. The structure of the
present tetrahydrate of CRO closely corresponds to that
previously encountered in the hydrated complex of phos-


Figure 3. Crystal structure of (TMA)2 ´ CRO ´ (H2O)2. a) Stereoview of a dihydrated CRO spacer molecule
H-bonded by two TMA molecules. b) Line and space-filling stereodrawings of a section of a single porous, four-
connected planar sheet. c) Stereo line drawing of two neighboring noninterpenetrating sheets (top layer in heavy
line). The voids of the porous layers are filled by the voluminous CRO spacers of neighboring sheets.
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phoric acid and CRO of the
composition (H3PO4)2 ´ CRO ´
(H2O)6.[3]


The CHTA molecules of
(CHTA)2 ´ CRO ´ (H2O)5 form
zigzag chains in the crystal held
together by standard pairwise
intercarboxylic H bonds across
centers of symmetry (O ´´´ O
distances 2.649(2) and
2.635(2) �). The remaining
third carboxylic groups of
CHTA not engaged in the zig-
zag chains donate their H atoms
to H bonds directed towards
the O atom of a water molecule
of the CRO tetrahydrate en-
sembles (O ´´´ O distance
2.595(2) �), that is one of those
water molecules not present in
the CRO dihydrate of (TMA)2 ´
CRO ´ (H2O)2 (Figure 4 a).
Thus we finally end up with
CHTA zigzag chains linked by
CRO ´ (H2O)4 spacers through
these single carboxyl ± water H
bonds producing distorted (ob-
lique, elongated), puckered
honeycomb sheets as illustrated
in Figure 4 b. These three-con-
nected sheets are highly porous,
but they do not interpenetrate
and have their cavities filled by
CRO molecules of neighboring
sheets (Figure 4 c). The cavities
in the sheets of (CHTA)2 ´
CRO ´ (H2O)5 are larger than
those of (TMA)2 ´ CRO ´
(H2O)2 and roughly take the
shape of the shell of a peanut,
that is they are equipped with a
waist. Filling-up these pores
requires the involvement of
two CRO molecules extending
into them from two neighboring
sheets above and below. The
space-filling structural mecha-
nism in (TMA)2 ´ CRO ´ (H2O)2


is similar (Figure 4 c and Fig-
ure 3 c). So, in conclusion, we
note that by combining CHTA
and (hydrated) CRO we indeed
managed to engineer porous
honeycomb sheets, although
admittedly only partially of the
kind we were actually aiming
at. Rather than playing the role
of guest molecules within the
targeted CHTA honeycomb


Figure 4. Crystal structure of (CHTA)2 ´ CRO ´ (H2O)5. The representations correspond to those of Figure 3.
a) Tetrahydrated CRO molecule H-bonded by two CHTA molecules. b) Section of a single porous, three-
connected puckered and distorted honeycomb sheet. c) Two neighboring porous sheets; filling of voids by CRO
spacers of neighboring layers. The position and H-bond connectivities of the disordered, interstitial water
molecules are indicated (dashed ªlozengesº).
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sheets held together exclusively by pairwise intercarboxylic H
bonds, the CRO molecules choose to break up and become
inserted into one third of these intercarboxylic linkages. In
doing so, the CRO molecules call upon the assistance of four
water molecules and altogether give rise to a sheet fabric
characterized by elongated, oblique honeycomb chambers.
The CHTA molecules of the sheets are not entirely coplanar
but rather assume a (relatively shallow) super-chairlike
puckered arrangement (Figure 4 b) analogous to the carbon
atoms of a sheet of trans-fused six-membered chair rings in
diamond. In a difference electron density map of the CHTA
complex a residual peak showed up, which was only 0.82 �
away from a center of symmetry. It was interpreted as a
positionally disordered , interstitial water molecule, and
accordingly refined with half occupancy. Thus the formulation
of the adduct as altogether a pentahydrate, that is (CHTA)2 ´
CRO ´ (H2O)5, becomes clear. The hydrogen atoms of the
disordered fifth water molecule could, however, not be
located, in contrast to those of the four water molecules
H-bonded to CRO. Closer inspection of the crystal structure
suggests that the disordered water molecule is H-bonded to
two carbonyl O atoms of carboxyl groups belonging to two
centrosymmetrically related CHTA molecules of different,
neighboring honeycomb sheets (O ´´´ O distances 2.95(1) and
2.97(1) �, respectively); hence its characterization as inter-
stitial water sitting between two sheets. The water-bridged
carboxy groups have their hydroxy groups H-bonded to the
CRO ´ (H2O)4 spacer moieties. Including the interstitial water,
the H-bonded network of (CHTA)2 ´ CRO ´ (H2O)5 is alto-
gether three-dimensional (Figure 4 c).


We finally see that through replacing TMA by CHTA as a
supramolecular partner of (hydrated) CRO we indeed got a
step closer to the desired honeycomb sheets, but did in fact not
reach our engineering goal of having a CRO molecule
embraced by a ring of six tricarboxylic acid molecules held
together by pairwise intercarboxylic H bonds. Next we
focussed on a possible 6:1 molecular complex of isophthalic
acid (IPA) with ªinsulatedº CRO-carrying hexagonal honey-
comb cages held together by six pairs of intercarboxylic H
bonds in exactly the same way as TMA is capable of forming
sheets of fused honeycomb cavities. The supramolecular
relationship is evident since IPA is a substructure of TMA
with the required meta-positioned carboxylic groups. At-
tempts to cocrystallize IPA and CRO from ethanol (6:1 molar
ratio) did not, however, produce any evidence in support of
molecular complex formation. A reason for this supramolec-
ular recalcitrance of IPA might possibly lie in its own crystal
structure, which, judging from the high melting point of
348 8C, appears to be particularly favorable and may thus not
be expected to be given up readily. In their crystals, the IPA
molecules are joined pairwise by intercarboxylic H bonds to
form planar zigzag chains.[4] Similar to the pair TMA/CHTA,
cis-1,3-cyclohexanedicarboxylic acid was also subjected to
crystallizations in the presence of CRO (ethanol, 6:1 molar
ratio), but again to little avail, that is no crystals of a 6:1
complex could be obtained. The same holds for a number of
further 5-substituted IPA systems (in addition to NIPA; see
above), which were also combined with CRO in various
crystallization experiments. Another rather obvious dicarbox-


ylic acid candidate for a 6:1 molecular honeycomb complex
with CRO would be glutaric acid (GA) given its W-shaped
carbon backbone. However, cocrystallizations of GA and
CRO from ethanol (6:1 molar ratio) did not furnish evidence
in support of complex formation. On the other hand, similar
experiments with 2,2-dimethylglutaric acid (DMGA) pro-
duced crystals of a 2:1 complex of DMGA with dihydrated
CRO, corresponding to the composition (DMGA)2 ´ CRO ´
(H2O)2. X-ray analysis gave the following essential crystallo-
graphic data: monoclinic, space group P21/c, Z� 2 formula
units; a� 13.5539(3), b� 8.0371(2), c� 15.0622(5) �, b�
90.836(2)8 ; R1� 0.047, 3817 significant reflections. The CRO
molecules take up the crown conformation and are dihydrated
in the same fashion as reported above for (TMA)2 ´ CRO ´
(H2O)2. The DMGA carbon backbone is not W-shaped which,
quite apart from the stoichiometry, rules out the formation of
a honeycomb-type complex. Instead, the DMGA molecules
form singly H-bonded chains with carboxyl OH groups
sticking out laterally. Each two of the chains are H-bonded
through these lateral OH groups to dihydrated CRO mole-
cules to form ribbons with a ladder-type connectivity; Fig-
ure 5 a provides illuminating illustrations. Lastly, trans-gluta-
conic acid (TGA) was combined with CRO, and crystals of a
monohydrated 1:1 complex of composition TGA ´ CRO ´ H2O
were obtained from ethanol. The basic data of the ensuing
X-ray analysis are: monoclinic, space group Cc, Z� 4 formula
units; a� 13.3234(4), b� 9.9485(2), c� 16.2155(4), b�
92.947(1)8 ; R1� 0.057, 2740 significant reflections. In these
crystals the hydrated CRO molecules again take up the crown
conformation, despite the H-binding of only a single water
molecule. The TGA molecules are not W-shaped and bind to
the CRO ´ H2O moieties via single O(H)O hydrogen bonds
towards the water O atoms. This results in singly H-bonded
chains of alternating TGA and CRO ´ H2O units, which may
be appreciated by viewing Figure 5 b. The structure may also
be looked upon as consisting of singly H-bonded chains of
alternating TGA and water molecules, with the carboxylic
groups functioning as H-bond donors. Every water molecule
of these chains donates its two H atoms to lateral, partially
bifurcated H bonds towards ether O atoms of a CRO
molecule. For clarity, it is noted finally that a 6:1 ratio of the
diacids considered and CRO is not a strict prerequisite for the
formation of CRO-filled insulated honeycomb cages in the
crystal. In principle, both larger and smaller ratios would also
allow this structural motif, but would in the first case require
additional diacid molecules not involved in the macrocyclic
hexameric aggregates, and in the second case additional CRO
molecules exocyclic with respect to these large H-bonded
hexagons housing already CRO endocyclically.


Structure of the molecular ªhoneycomb complexº (HIPA)6 ´
CRO ´ (H2O)10 involving a decameric water cluster : Eventu-
ally attempts were made to grow crystals of a 6:1 complex of
5-hydroxyisophthalic acid (HIPA) and CRO. HIPA is rela-
tively closely related to TMA being likewise equipped with
three acid hydroxy groups, which are capable of donating their
H atoms to good O(H)O hydrogen bonds. Formally, TMA
may be turned into HIPA by decarbonylation. However,
although the three acid functions of both HIPA and TMA are
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coplanar and meta-positioned
with respect to one another,
the directionality of the three
OÿH bonds deviates in both
molecules. In TMA, the OÿH
bonds are trigonally oriented
and span angles of 1208, where-
as in HIPA they are less sym-
metrically related spanning an-
gles of 60, 120, and 1808. It is
noted at this point that two
ether derivatives of HIPA, that
is 5-decyloxy- and 5-octyloxy-
isophthalic acid, were found
previously to build up in the
crystal the hexameric H-bond-
ed honeycomb cages of interest
in our present context.[5] How-
ever, the associated hexagonal
cavities are not filled up by
guest molecules in these cases
but rather by the alkyl side
chains of diacid molecules
themselves assigned to neigh-
boring hexameric aggregates in
the crystal. By cocrystallizing
HIPA and CRO the desired
insulated hexagonal honey-
comb cages made up of six
cyclically H-bonded HIPA mol-
ecules could indeed be engi-
neered, in the cavities of which
the hydrated CRO molecules
are anchored. The crystal struc-
ture of this host ± guest com-
pound involves in addition wa-
ter molecules as a key architec-
tural element and caught our
enthusiasm with a number of
fascinating and unexpected
highlights, which are communi-
cated in the following. From an
ethanol solution of HIPA and
CRO of molar ratio 6:1 large
crystals were obtained under
ambient (humid) conditions,
which mostly took the shape
of thick basalt-like rods of
roughly hexagonal or rhomb-
like cross-section and capped
by approximately trigonal-pyr-
amidal faces. The crystals may
be rather smoothly cleaved per-
pendicular to their long axis
and turned out stable for
months without taking any spe-
cial precautions. They proved
to consist of a decahydrated 6:1
adduct of HIPA and CRO,


Figure 5. a) Crystal structure of (DMGA)2 ´ CRO ´ (H2O)2. Stereo line and space-filling diagrams of a section of a
ladder-type double chain of singly H-bonded DMGA molecules joined bydihydrated CRO spacers. b) Crystal
structure of TGA ´ CRO ´ H2O. A section of two neighboring chains of singly H-bonded, alternating TGA and
CRO ´ H2O units is shown.
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corresponding to the formulation (HIPA)6 ´ CRO ´ (H2O)10.
The space group of the triclinic crystals is P1Å with one formula
unit in the cell, such that we are altogether faced with three
crystallographically independent HIPA molecules, a centro-
symmetric CRO molecule, and five independent water
molecules (see Experimental Section and Table 1). To begin
with, the X-ray reflection intensities were routinely measured
at room temperature and subsequently at low temperature
(100 K; Table 1). This was done to generally increase the
precision of the measurement and, in particular, to study the
temperature dependence of the hydrate achitecture, which
had shown certain peculiarities in the room temperature
experiment.


In the crystals of (HIPA)6 ´ CRO ´ (H2O)10 the molecular
constituents assemble to build up a three-dimensional net-
work, which may conceptually best be penetrated by founding
it on two particularly conspicuous building blocks. Expect-
edly, one is represented by the CRO-filled honeycomb cages
as provided by six HIPA molecules cyclically linked by six
standard intercarboxylic H bond pairs. The other consists of
decameric water clusters held together by an array of 14
O(H)O hydrogen bonds. These building blocks are both
centrosymmetric in the crystal. Figure 6 shows a section of the
crystal structure with a pair each of the building blocks,
together with the outlines of the unit cell. In the solid, the
(HIPA)6 ´ CRO and (H2O)10 units are three-dimensionally
interlinked by further O(H)O hydrogen bonds engaging the
phenolic OH groups of HIPA and the ether O atoms of CRO ´
We turn our attention first to the structures of the (HIPA)6 ´
CRO and (H2O)10 building blocks themselves and subse-
quently consider their assembly in space.


CRO-Filled hexagonal H-bonded (HIPA)6 honeycomb cages
in (HIPA)6 ´ CRO ´ (H2O)10 : Within the (HIPA)6 honeycomb
cages the centrosymmetric CRO molecules assume the crown
conformation (Figure 7) with approximate D3d symmetry.
However, significant deviations from the latter high symmetry
are observed, which very probably have their origin in the
mode of H bonding between CRO and the (H2O)10 clusters


(see below). The O ´´´ O distances of the intercarboxylic H
bond linkages between the HIPA molecules, which are
obviously not related by crystallographic centers of symmetry,
cover the rather narrow range from 2.579(1) to 2.608(1) �
with the normal average value of 2.597 � (100 K). As
envisaged, the CRO molecules are indeed suspended in the
(HIPA)6 cavities through CÿH ´´´ O contacts between the 12
equatorial H atoms of CRO and the endo-macrocylic carboxyl
O atoms of HIPA (Figure 7). The associated C ´´´ O distances
range from 3.518(1) to 3.886(1) �, average 3.696 �, and the
H ´´´ O distances (uncorrected) span values between 2.61(1)
and 2.91(1) �, average 2.75 �. The respective CÿH ´´´ O
angles extend from 156(1) to 178(1)8, average 1658 (all values
measured at 100 K). The H ´´´ O distances may appear some-
what long, but this is due to the shortened CÿH distances
resulting (as usual) from the refinements (range 0.96(1) ±
0.98(1) �, average 0.97 �). If this CÿH foreshortening of
about 0.13 � is taken into account, the H ´´´ O contacts in the
honeycomb cages come close to the sum of the van der Waals
radii of H and O. There are two symmetric possibilities to
orient the CRO molecules in the (HIPA)6 cavities, one with
maximum straightness of the CÿH ´´´ O interactions between
CRO and HIPA, the other with markedly more bent CÿH ´´´ O
contacts. The two orientations are related by a rotation
about 308 in the molecular mean plane of CRO. Figure 7 a
shows that, as expected, the CRO orientation enabling more
straight CÿH ´´´ O contacts is chosen. This corroborates our
previous conclusions as regards the orientation of COR within
the TMA honeycomb cavities of the molecular complex
(TMA)2 ´ COR, and is fully analogous to the respective
orientation of HEL in the adduct (TMA)2 ´ HEL.[1] It is
parenthetically noted that the orientational problem of COR
provided the original stimulus for the present work, since a
direct solution by X-ray means had not been possible (see
Introduction). A comparison of Figure 1 and Figure 2 a in
reference [1] with Figure 7 a of the present work demonstrates
rather impressively the apparently influential role of the
CÿH ´´´ O contacts for controlling the orientation of CRO,
HEL, and (probably) COR in the honeycomb host cavities of


HIPA and TMA, respectively.
Clearly, the large number of 12
such contacts within a cavity
matters, multiplying the rather
small effect of a single weak
CÿH ´´´ O interaction. The
average deviation from lineari-
ty of the CÿH ´´´ O triads in the
honeycomb cages of (HIPA)6 ´
CRO ´ (H2O)10 amounts to 158,
as is evident from the above
CÿH ´´´ O angles. This devia-
tion is more or less inevitable
and is essentially a consequence
of the quite obvious fact that
the ªequatorialº CÿH bonds of
the crown conformation of
CRO are not entirely coplanar
and do not run exactly perpen-
dicular to the molecular S6 axis.


Figure 6. Crystal structure of (HIPA)6 ´ CRO ´ (H2O)10. Stereo line diagram of two neighboring CRO-filled
(HIPA)6 honeycomb cages and two associated (H2O)10 clusters. The H bonds are dashed and the cell edges
outlined. The view is approximately along the crystallographic a axis and perpendicular to the mean plane of the
honeycomb cages; compare also Figure 11.
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Of course, this holds likewise
for the chair form of cyclohex-
ane (Figure 2). The oblique side
view of a CRO- filled (HIPA)6


honeycomb cage as drawn in
Figure 7 b visualizes these
somewhat less than ideal direc-
tionalities of the equatorial
CÿH bonds of CRO in the
present context, and moreover
shows that the embracing six
H-bonded HIPA molecules are
not fully coplanar either. In-
stead they are undulating to a
certain visible extent around
the central CRO molecule, in
order to better ªfollowº the
equatorial CÿH bonds and to
allow more straight CÿH ´´´ O
contacts between CRO and the
HIPA carboxyl groups. The un-
dulation of the HIPA molecules
is chiefly brought about by
small molecular tilts around an
axis running through the phe-
nolic C atom of HIPA and the
opposite benzene-ring C atom.
The direction of the tilting de-
formations alternates around
the (HIPA)6 macroring placing
the H-bonded carboxyl pairs
alternately above and below
its mean plane. Corresponding-
ly, the pairs of equatorial CÿH
bonds of CRO in contact with
the O atoms of the carboxyl
pairs are tilted out of the equa-
torial plane of CRO in alter-
nating directions (by about 208 ;
Figure 7 b). The equatorial
CÿH following of the HIPA
molecules in (HIPA)6 ´ CRO ´
(H2O)10 may be compared to
the (more pronounced) ªhelix
followingº of the TMA mole-
cules in (TMA)2 ´ HEL, which
also leads to improved, more
straight CÿH ´´´ O contacts be-
tween the helically disposed
CÿH bonds of HEL and the
carboxyl groups of the sur-
rounding six H-bonded TMA
molecules.[1]


Decameric water cluster (H2O)10


as observed in (HIPA)6 ´
CRO ´ (H2O)10 : The second
prominent building block of
(HIPA)6 ´ CRO ´ (H2O)10 is the


Figure 7. Crystal structure of (HIPA)6 ´ CRO ´ (H2O)10. a) Top: Ball-and-stick and space-filling stereoviews of a
(HIPA)6 honeycomb cage accommodating a CRO molecule. Six water molecules belonging to six different
(H2O)10 clusters and H-bonded by the phenolic OH groups of HIPA are also shown; O(H)O bonds drawn as
thin lines, CÿH ´´´ O contacts dashed. Below: Identically oriented CRO molecule along with two H-bonded water
molecules and geometry data measured at 100 K (bond lengths, bond angles, torsion angles; estimated average
standard deviations about 0.001 � and 0.18, respectively). The small but significant elliptical distortion
of the crown conformation of CRO caused by the hydration is perceptible. b) Oblique side view of a honeycomb
cage in order to demonstrate the undulating HIPA molecules, the carboxylic linkages of which ªfollowº to some
extent the equatorial CÿH bonds of the CRO molecule suspended in the void, leading to improved CÿH ´´´ O
contacts.
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decameric water cluster(H2O)10. It came in fact as a lovely
surprise beyond the original crystal planning at the outset of
the present study, and provides an extra asset of this intriguing
crystal structure considering the intense current interest in
structural and spectroscopic properties of oligomeric water
clusters.[6] Of course, this interest is spurred by aspirations to
better understand the complex properties of bulk liquid water
itself. The present centrosymmetric water cluster (H2O)10 is
crystallographically fully ordered and has the connectivity of
the carbon skeleton of a bishomocubane with the methylene
bridges replacing opposite CÿC bonds of cubane (Figure 8).
The D2h symmetry of this homocubane system is approxi-
mated rather well by the positions of the O atoms of the
present (H2O)10 cluster; inclusion of the ordered water H
atoms reduces the cluster symmetry to Ci . In the crystal, the
(H2O)10 clusters are H-bonded to the ether O atoms of CRO
and the phenolic O atoms of HIPA (see below). Within
(H2O)10, the water molecules are held together by 14 H bonds.


Their O ´´´ O distances range from 2.658(2) to 3.148(2) � at
room temperature, with an average value of 2.837 �. These
values shrink to 2.645(1) ± 2.980(1) �, average 2.787 �, at
100 K (Figure 8 a). For comparison, the corresponding aver-
age distances of hexagonal and cubic ice (Ih, Ic) are 2.762 � (at
223 K)[7a] and 2.750 � (at 143 K),[7b] respectively. The (un-
corrected) H ´´´ O distances of the H bonds in the present
(H2O)10 cluster extend from 1.69(2) to 2.51(2) �, average
1.98 �, at 298 K, and from 1.76(1) to 2.18(1) �, average
1.93 �, at 100 K. The OÿH ´´´ O angles span values between
137(2) and 178(2)8, average 1658, at 298 K, and between
153(1) and 176(1)8, average 1698, at 100 K. Finally, the refined
OÿH bond lengths of the water molecules of (H2O)10 are
between 0.81(2) and 0.97(2) �, average 0.88 �, at 298 K, and
between 0.85(1) and 0.91(1) �, average 0.87 � at 100 K; the
H-OÿH angles vary from 104(2) to 111(2)8, average 1088, at
298 K, and from 101(1) to 109(1)8, average 1068, at 100 K. It is
conspicuous that the two (centrosymmetrically related)


Figure 8. Crystal structure of (HIPA)6 ´ CRO ´ (H2O)10. a) O ´´´ O Distances [�] of the H bonds of the decameric water cluster at 100 K (left) and at 298 K
(right); average standard deviations 0.001 and 0.002 �, respectively. b) Stereoview of a (H2O)10 cluster sandwiched between two H-bonded CRO molecules at
100 K (top) and 298 K (below). 50% Vibrational ellipsoids are shown; in the illustration applying to 100 K, the isotropic temperature factors of the H atoms
are divided by a factor of 5, whereas at 298 K spheres of an arbitrary common diameter are drawn for H. Note the more favorable geometry of the longer H
bonds at 100 K(see main text). c) Stereoview of a CRO molecule sandwiched by two H-bonded (H2O)10 clusters (100 K). d) Space-filling stereoview of a stack
of alternating H-bonded CRO molecules and (H2O)10 clusters. The orientation of the (H2O)10 clusters is essentially the same in all illustrations of this figure.
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relatively long H bonds in (H2O)10 with an O ´´´ O separation
of 3.148(2) � at room temperature shrink rather drastically by
0.168 � to 2.980(1) � at 100 K, whereas the other O ´´´ O
separations are on average reduced by only 0.029 � on
cooling (Figure 8 a). The two associated long H ´´´ O distances
are even shortened by 0.33 � on reducing the temperature,
that is from 2.51(2) to 2.18(1) �. Simultaneously, the OÿH ´´´ O
angle of the two long H bonds becomes substantially more
favorable, that is more linear, on cooling (137(2) vs. 153(1)8).
The effect is clearly visible qualitatively by comparing the
diagrams of Figure 8 a, b. A similar observation, but to a lesser
extent, applies to the two H bonds the O ´´´ O separation of
which measures 2.981(2) � at room temperature: The O ´´´ O
shortening on cooling is 0.063 � here with a concomitant
increase of the OÿH ´´´ O angle from 157(2) to 164(1)8. It
would thus appear that we are witnessing here the dissociation
process of H bonds with increasing temperature, and it should
be reassuring to have these findings backed up by a measure-
ment yielding more reliable H positions, that is a variable
temperature neutron diffraction experiment. Judging from
our experience, growing large crystals of (HIPA)6 ´ CRO ´
(H2O)10 should at any rate not be particularly difficult. It
has previously been concluded[6, 8] that at elevated temper-
atures water clusters with a high degree of connectivity, that is
a relatively high number of H bonds per water molecule, are
disfavored with respect to those involving smaller numbers of
closed H-bonded rings, due to lesser entropy (flexibility) and
poorer H-bond cooperativity. An example is provided by
(H2O)8, the monocyclic eight-membered ring form of which
dominates in water over the pentacyclic cube-shaped form
despite the 50 % higher number of H bonds in the latter (12 vs.
8; but note the higher strain of the cube). The observed
exceptionally large lengthening at room temperature of some
of the H bonds of the present (H2O)10 cluster appears to be in
line with these conjectures. Finally, it is noted that aside from
other obvious reasons the observation of the pair of long H
bonds in (H2O)10 at room temperature had prompted us to
perform the low-temperature X-ray measurement (see above).


The most intriguing aspect related to the uncovering of the
decameric water cluster in (HIPA)6 ´ CRO ´ (H2O)10 arises
from the recognition that its connectivity agrees with that
deduced recently from a comparison of vibrational ± spectro-
scopic measurements in the OH stretching range of gaseous
(H2O)10 and empirical potential energy calculations. [9] Judg-
ing from Figure 4 of reference [9], also the calculated
structural details of the oxygen skeleton of the
bishomocubane-like (H2O)10 cluster appear to
agree rather well with those observed in the
crystals of (HIPA)6 ´ CRO ´ (H2O)10. However, the
distribution of the OÿH bonds among the individ-
ual H bonds of (H2O)10 is different in the two
models, that is the assignment of the H atoms in
the H bonds to the constituting water molecules is
not the same. In turn, this difference also leads to a
deviating distribution of the H atoms not involved
in H bonding in both models. The reason for this
difference most likely stems from the fact that the
spectroscopic structural model of (H2O)10 (sym-
metry C2) corresponds to the free gaseous cluster,


whereas our crystal model (symmetry Ci) does not apply to
isolated (H2O)10, but rather to a species further H-bonded to
CRO and HIPA. Thus, in contradistinction to the spectro-
scopic model, the (H2O)10 structure in the crystal has to meet
the necessities for effective H-bonding to its molecular
partners requiring a different distribution of the OÿH bonds
in the cluster (see below). Structural calculations on the
crystal model of (H2O)10 as well as vibrational measurements
on crystalline (HIPA)6 ´ CRO ´ (H2O)10 would be of interest.
The complex H-bonding pattern of the adduct as a whole may,
however, be expected to complicate vibrational analyses
considerably. Furthermore, mention is made of another
(H2O)10 cluster encountered in the crystals of a hydrated
copper complex.[10] In this case the cluster possesses adaman-
tane-like connectivity and is thus held together by 12 H bonds.
However, since two opposite O atoms are directly coordi-
nated to copper ions, its connexion with free (H2O)10 appears
limited.


The bishomocubane-like decameric water cluster in
(HIPA)6 ´ CRO ´ (H2O)10 is held together by 14 H bonds which
leaves six OÿH bonds available for further H bonding. This
holds likewise for six lone pairs on the O atoms of the
decamer, which are not engaged in H bonding inside the
cluster. The present water decamer is thus capable of
maximally donating and and accepting each six H atoms
within 12 H bonds towards suitable molecular partners. This
H-bonding potential of the (H2O)10 cluster is fully utilized in
the crystals of (HIPA)6 ´ CRO ´ (H2O)10. The free ªdanglingº
H atoms in the bishomocubane-like (H2O)10 cluster are
grouped three by three at opposite ªpolesº of the water cage
comprising two H2O molecules each, and are donated to six H
bonds towards three ether O atoms each of two CRO
molecules. Thus the water clusters are sandwiched between
CRO molecules (Figure 8 a,b), and in turn the CRO mole-
cules are sandwiched between water clusters (Figure 8 c) such
that finally H-bonded stacks of alternating CRO molecules
and water clusters result (Figure 8 d). The O ´´´ O distances of
the H bonds involving the crown ether O atoms measure
2.685(1), 2.734(1), and 2.737(1) � at 100 K. The six oxygen
lone pairs not engaged in H bonding within (H2O)10 are
grouped around a central belt of six O atoms forming a
chairlike six-membered ring, and function as acceptors of six
H bonds the H atoms of which are donated by the phenolic
OH groups of six HIPA molecules (Figure 9). The O ´´´ O
separations of these phenolic H bonds assume the individual


Figure 9. Crystal structure of (HIPA)6 ´ CRO ´ (H2O)10. Stereoview of the distorted
octahedral H-bonding of a (H2O)10 cluster by phenolic OH groups of six different
(HIPA)6 honeycomb cages as represented solely by the directly bonding HIPA molecules.







FULL PAPER O. Ermer and J. Neudörfl


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0722-4972 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 224972


independent values of 2.746(1), 2.747(1), and 2.749(1) �
(100 K), and thus agree within experimental error.


The water molecules of the decameric clusters in (HIPA)6 ´
CRO ´ (H2O)10 are thus finally seen to be all tetracoordinated
by O(H)O hydrogen bonds. The 10 H2O molecules of the
individual clusters are engaged in a system of altogether 26 H
bonds involving 22 O atoms. The average O ´´´ O distance of
all these H bonds with participation of water molecules
amounts to 2.762 � at 100 K and 2.800 � at 298 K, respec-
tively, which is close to the corresponding distances found in
ice. Rather than grouping the water molecules of (HIPA)6 ´
CRO ´ (H2O)10 in clusters of 10 members, the four of them
extending H bonds to CRO may be assigned to these very
CRO molecules, corresponding to a formulation (HIPA)6 ´
[CRO ´ (H2O)4] ´ (H2O)6. Viewed this way, the H-bonded O
atoms of the (H2O)6 entities may be seen to form a chairlike
six-membered ring further H-bonded by the phenolic OH
groups of six HIPA molecules, and the CRO ´ (H2O)4 units
correspond to tetrahydrated CRO molecules structurally very
similar to those found in (CHTA)2 ´ CRO ´ (H2O)5 (see above;
compare Figure 8 and Figure 4 a). The hydration of CRO is
likely to be responsible for the observed significant deviations
of its crown conformation from D3d symmetry. Closer
inspection of Figure 7 a shows that the 18-membered ring of
CRO is somewhat elliptically distorted with the respective
elongation extending horizontally in the diagrams. Apparent-
ly the water molecules donating both their H atoms to two H
bonds towards ether O atoms of CRO pull together the upper
and lower half of the ring perim-
eter, which leads to somewhat
stretched CÿH ´´´ O contacts be-
tween CRO and HIPA in the
corresponding sections of the
(HIPA)6 honeycomb cage. The
space-filling drawing of Figure 7 a
nicely illustrates this observation.
We do not go into quantitative
details of this subtle ªclamp ef-
fectº; suffice it to say that it
essentially leads to a symmetry
reduction of the CRO ring from
D3d to C2h, with the latter sym-
metry well approximated beyond
the crystallographic centrosym-
metry. The geometrical data col-
lected in Figure 7 a attest to this
finding in detail. It should be
noted finally that splitting up the
decameric water clusters into six-
ring-shaped (H2O)6 units and two
opposite pairs of water molecules
coordinating to CRO is not by
any chance justified by a concom-
itant splitting of the H-bond
lengths. Inspection of the numer-
ical data of Figure 8 a shows rath-
er the opposite to be true, in that
the O ´´´ O distances in these
(H2O)6 chair rings are longest.


Three-dimensional assembly of the molecular building blocks
of (HIPA)6 ´ CRO ´ (H2O)10 : Let us now turn to the actual
three-dimensional crystal structure of (HIPA)6 ´ CRO ´
(H2O)10, that is the assembly of the CRO-filled HIPA
honeycomb cages and the decameric water clusters in space.
Both building blocks, whose molar ratio is 1:1, are joined in
the crystal by H bonds extending from the phenolic OH
groups of HIPA to the O atoms of the central (H2O)6 chair
rings as characterized above. The phenolic OH groups
function as H donors, and the water lone pairs not engaged
in cluster bonding as acceptors. Thus from both the honey-
comb cages and the water clusters each six H bonds of this
type radiate. The directionality of these sets of six H bonds is
distorted octahedral for both types of building block. The
distortion from octahedral disposition corresponds to a very
severe trigonal compression with approximate coordination
symmetry S6. Each honeycomb cage is singly H-bonded to six
decameric water clusters in compressed octahedral fashion,
and vice versa each (H2O)10 cluster is analogously H bonded
to six honeycomb cages. This is illustrated in Figure 7 b and
Figure 9; note the extreme, but as such still perceptible,
octahedral compression applying to the H bonds emanating
from the honeycomb cages. In essence, we are thus dealing
with a three-dimensional six-connected network consisting of
supercubes severely squashed along a space-diagonal. The
corners of the distorted supercubes are represented alter-
nately by the (HIPA)6 ´ CRO honeycomb moieties and the
(H2O)10 clusters, and the edges are brought about by the H


Figure 10. Crystal structure of (HIPA)6 ´ CRO ´ (H2O)10. a) ªNaCl aspectº of crystal architecture: Stereoview
of two distorted supercubes made up of H-bonded, CRO-filled (HIPA)6 honeycomb cages and (H2O)10 clusters,
respectively. The H bonds interlinking these two types of building block in distorted octahedral fashion are
drawn as heavier lines. The view is essentially down the approximate trigonal axis of the structure, along which
the supercubes are severely compressed; compare with Figure 6 and Figure 11. b) Diagrammatic stereo-
illustration of the connexion with a trigonally severely compressed NaCl-type architecture. The brighter
spheres (e.g. Na�) represent the CRO-filled (HIPA)6 honeycomb cages, and the darker spheres (e.g. Clÿ)
symbolize the (H2O)10 clusters. The interconnecting rods stand for the H bonds extended by the phenolic OH
groups of HIPA to the water clusters.
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bonds between the phenolic OH groups and the water
molecules of the different building blocks (Figure 10 a). The
architecture may ultimately be referred to as a severely
distorted NaCl-type network, with the CRO-filled honey-
comb cages substituting for eaxmple the Na� ions, and the
water clusters replacing the Clÿ ions (Figure 10 b). The
H-bond connectivity of the honeycomb cages and water
clusters in (HIPA)6 ´ CRO ´ (H2O)10 is similar to the topology
of b-hydroquinone (b-HQ), [11a] which builds up two inter-
penetrating super-octahedral networks in the crystal with
trigonally compressed supercubes. The nodes of this three-
dimensional network of b-HQ, that is the supercube corners,
are established by H-bonded chair rings between six phenolic
OH groups, similar to the central H-bonded chair rings of the
present (H2O)10 clusters; the supercube edges of b-HQ are
represented by the covalent p-phenylene units. Since in b-HQ
all distorted octahedral nodes are of one type, we are dealing
here with a super-polonium rather than a super-NaCl
architecture. A single super-polonium HQ network has been
found in the adduct (HQ)3 ´ C60,[11b] the structure of which may
thus be regarded even more closely related to (HIPA)6 ´
CRO ´ (H2O)10 than b-HQ itself. The crystal structure of b-
HQ is rhombohedral, space group R3Å , and a closer analysis of
Figure 10 a clearly shows that this crystal symmetry is
approximated in (HIPA)6 ´ CRO ´ (H2O)10. The deviations
from R3Å crystal symmetry in the present case are due to the
fact that the (H2O)10 water clusters do not possess trigonal
symmetry since their ªpolesº (see above) consist of only two
water molecules H-bonded to CRO. Full threefold symmetry
would require a dodecameric water cluster (H2O)12 with six
polar water molecules forming H-bonded (strained) three-
membered rings in turn H-bonded to CRO. The connectivity
of such a water dodecamer would correspond to that of the
carbon skeleton of a D3d symmetric heptacyclic hydrocarbon
C12H12, consisting of a central six-membered cyclohexane
chair ring capped on both sides by cyclopropane rings. The
lack of R3Å crystal symmetry of (HIPA)6 ´ CRO ´ (H2O)10 may
thus ultimately be traced back to the perturbation exerted by
the relatively low-symmetric hydration environment of CRO,
which causes the reduction to triclinic P1Å crystal symmetry. It
is noted that the approximate rhombohedral axes of (HIPA)6 ´
CRO ´ (H2O)10 are defined by the shorter face diagonals of the
H-bonded supercubes formed by the (HIPA)6 ´ CRO and
(H2O)10 building blocks, as discussed above. Figure 10 will
help to verify these geometric interrelations, as will the
considerations of the following paragraphs, which shall briefly
bring us back to this point.


The above description of the crystal structure of (HIPA)6 ´
CRO ´ (H2O)10 as a single three-dimensional six-connected
network may be referred to as the ªNaCl aspectº of this
architecture, highlighted by the formulation [(HIPA)6 ´
CRO][(H2O)10]. There is a second convincing possibility to
characterize this architecture, which we suggest to refer to as
its ªhost-guest aspectº, highlighted by the formulation
[(HIPA)6][CRO ´ (H2O)10]. Viewed this latter way, the three-
dimensional assembly of the (HIPA)6 honeycomb cages is
looked upon as a porous host fabric equipped with channels
accommodating the guest stacks of H-bonded, alternating
CRO molecules and (H2O)10 clusters. The guest stacks are


then anchored in the host channels by means of H bonds
between the phenolic OH groups of HIPA and the water
clusters. On nearer view of Figure 10 it emerges that the
(HIPA)6 honeycomb cages may be identified to be arranged in
sheets held together by pairs of good CÿH ´´´ O contacts
(across centers of symmetry) between the phenolic O atoms
and ortho-positioned aromatic H atoms of two HIPA
molecules engaged in neighboring hexagonal cages. A section
of such a sheet is shown in Figure 11 a, together with enclosed
CRO molecules and a (H2O)10 cluster. It may be seen that the
phenolic CÿH ´´´ O contacts make up for the unfavorable
circumstance that the phenolic OH groups are engaged in
only a single O(H)O bond. The average C ´´´ O distance of
these CÿH ´´´ O contacts measures 3.387 �, which is relatively
short. The corresponding average (uncorrected) H ´´´ O dis-
tance is 2.47 �, and the associated average CÿH ´´´ O angle
1588 (average refined associated CÿH distance, 0.97 �; all
values at 100 K). Figure 11 a demonstrates that the sheets
formed by the (HIPA)6 units through CÿH ´´´ O contacts
incorporate two kinds of cavities, the larger, by now familiar,
hexagonal honeycomb pores, and smaller, more triangular
voids lined up by outer edges of three honeycombs. These
triangular voids are built from six HIPA molecules held
together by alternating pairs of intercarboxylic O(H)O bonds
and CÿH ´´´ O contacts, necessarily three of each. The number
of triangular voids is twice that of the hexagonal honeycomb
cavities. The sheets of CÿH ´´´ O-bonded (HIPA)6 honeycomb
units are stacked in such a way that the triangular and
hexagonal cavities are placed on top of each other, producing
channels perpendicular to the sheets. In order to satisfy the
2:1 ratio of the voids, a pair of triangular cavities alternates
with one hexagonal pore in the channels. The stacking
sequence of the sheets altogether follows the pattern
ABCABC ´´´ , analogous to that of cubic close-packed spheres
and in accord with the above description of the crystal
architecture of (HIPA)6 ´ CRO ´ (H2O)10 as a trigonally com-
pressed NaCl-type packing (see also below). The channels
thus defined by the stacked (HIPA)6 units are hence seen to
be equipped with alternating waists and bulges provided by
the triangular and hexagonal cavities, respectively, in the
sheets. Accordingly, the (H2O)10 guest clusters are accommo-
dated in the triangular waists and the CRO guest molecules in
the hexagonal bulges of the host channels, corresponding to
the smaller diameter but larger elongation of the water
decamers as compared to the crown conformation of CRO
(Figure 11 a). As noted above, the alternating (H2O)10 clusters
and CRO molecules are interlinked by additional O(H)O
bonds leading ultimately to H-bonded guest stacks (Fig-
ure 8 d), which are anchored in the host channels by means of
O(H)O bonds between the outer phenolic OH groups of the
(HIPA)6 honeycomb macro-rings and the central H2O mol-
ecules of the water decamers. It so happens that the combined
thickness of a (H2O)10 cluster and an H-bonded CRO
molecule, that is the thickness of a CRO-(H2O)10-CRO
sandwich as shown in Figure 8 b, just matches the separation
of three stacked sheets of CÿH ´´´ O-bonded (HIPA)6 hex-
agons. The thickness of this sandwich is equal to the cell
constant a (see below) measuring 10.2371(3) � at 298 K and
10.0250(3) � at 100 K (Table 1). This leads to average
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stacking separations of the (HIPA)6 sheets of 3.412 and
3.342 � at 298 and 100 K, respectively, perfectly in accord
with the usual p-stacking separations of aromatic molecules.
The ªhost ± guest aspectº of (HIPA)6 ´ CRO ´ (H2O)10, that is
its structural characterization in terms of channel-forming,
stacked CÿH ´´´ O-bonded sheets of (HIPA)6 hexagons, may
be related to that of a macrocyclic hexaacetylenic hexaphe-
nol,[12] the topology of which is entirely analogous to that of
the H-bonded cyclic hexamer of HIPA. Formally, replacement
of the H-bonded carboxyl pairs by covalent acetylenic triple-
bond linkages leads directly to the porous hexaphenol, which
in the crystal forms O(H)O-bonded sheets stacked very much
like the (HIPA)6 hexagons in (HIPA)6 ´ CRO ´ (H2O)10. The
hexaphenol molecules are thus also stacked to establish
(narrower) channels, which are occupied by solvent guest
molecules (methanol and EtOH) H-bonded to the phenolic
OH groups protruding into the voids.


Symmetry aspects of the crystal architecture of (HIPA)6 ´
CRO ´ (H2O)10 : We conclude our discussion of the crystal
structure of (HIPA)6 ´ CRO ´ (H2O)10 with some symmetry
considerations uniting the ªNaCl aspectº and the ªhost ± guest
aspectº of this intriguing solid-state architecture. Figure 11 b
provides a diagrammatic representation in symmetry-ideal-
ized fashion of the stacking pattern of the sheets set up by the
CÿH ´´´ O-bonded (HIPA)6 hexagons. This pattern corre-
sponds to the rhombohedral space group R3Å . In actual fact,
this crystal symmetry is only approximated by our molecular
complex but not strictly obeyed, since the low-symmetric
hydration of CRO effects a symmetry reduction to P1Å (see
above). In Figure 11 b exclusively the (HIPA)6 hexagons are
diagrammatically drawn to represent the crystal structure of
the adduct, and the guest molecules are omitted in order to
bring about the essential symmetry principles of the supra-
molecular array. Space group R3Åm is precluded by the


Figure 11. Crystal structure of (HIPA)6 ´ CRO ´ (H2O)10. a) ªHost ± guest aspectº of crystal architecture. Top and middle: Ball-and-stick and space-filling
stereoviews of a section of a sheet of (HIPA)6 honeycomb host cages assembled through phenolic CÿH ´´´ O contacts (dashed), together with CRO guest
molecules and a (H2O)10 guest cluster, anchored in the hexagonal and triangular host voids, respectively. Bottom: Space-filling view without guest systems in
order to highlight the cavity shapes. b) Diagrammatic and idealized illustration of the stacking of these sheets in space goup R3Å . Only the (HIPA)6 honeycomb
cages are drawn and represented as regular hexagons, and the rhombohedral cell edges are outlined (dashed). The sheet sequence is ABCABC... c) All-face-
centered distorted cubic, (approximately) rhombohedral, and triclinic choices of the unit cell (full, dashed, and dotted lines, respectively), demonstrating the
connection of the NaCl and host ± guest aspect, respectively, of the crystal architecture. The representation is diagrammatic and the true trigonal compression
is still more pronounced; the cell-edge labels of the triclinic cell are indicated. The full and open circles represent on the one hand CRO-filled (HIPA)6


honeycomb cages and (H2O)10 clusters, respectively, and on the other hand Na� and Clÿ ions, respectively.
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displaced juxtaposition of neighboring corners of the hex-
agons, representing the corresponding canted CÿH ´´´ O
bonding of the (HIPA)6 honeycomb cages ruling out mirror
symmetry. The trigonal and hexagonal sheet cavities as well as
the channels defined by their stacking, are readily evident
from Figure 11 b, as is the stacking sequence ABCABC... of
the sheets. The rhombohedral cell edges are also shown in the
diagram, thus providing a key to relate the stacked sheets of
hexagons to the NaCl structure with the cubic space group
Fm3Åm. It was pointed out above that the distribution of the
CRO-filled (HIPA)6 honeycomb cages and the (H2O)10


clusters is analogous to that of the Na� and Clÿ ions in a
unit cell severely compressed along a space diagonal (Fig-
ure 10). This compression is accompanied by a symmetry
reduction from Fm3Åm to the rhombohedral space group F3Åm
or R3Åm if one switches to rhombohedral axes, which run from
a corner on the trigonal axis of the F-centered unit cell to the
three nearest face centers. (Note that the face-centered cubic
structure of NaCl may of course also be described in a
primitive rhombohedral cell with edges equal to the cubic
edges divided by


p
2 and a rhombohedral angle of 608. By


adopting the rhombohedral cell, obviously no full use of the
symmetry of NaCl is made, that is the asymmetric structural
unit of the primitive rhombohedral cell, space group R3Åm, is
four times larger than that of the face-centered cubic cell,
space group Fm3Åm, despite the fourfold volume of the latter.)
Removal of the mirror symmetry brings us to space group R3Å


as applying to Figure 11 b. These geometrical relationships are
illustrated in Figure 11 c, which in addition shows the triclinic
unit cell actually chosen (by the diffractometer software) for
our adduct (HIPA)6 ´ CRO ´ (H2O)10. This cell does not
correspond to that best approximating the rhombohedral cell
since due to the severe trigonal compression, the cell angles of
the latter (about 1158) deviate strongly from 908. The chosen
cell is derived from the best (pseudo-) rhombohedral cell
through replacing one rhombohedral axis by the shorter
space-diagonal parallel to the (approximate) trigonal axis.
This leaves one cell angle unchanged while the other two
transform to values around roughly 1028. The unchanged
pseudo-rhombohedral cell constants are b, c, and a of the
Table 1, while the adopted cell edge a corresponds to the
shorter space diagonal of the pseudo-rhombohedral triclinic
cell. Of course, this is the stacking axis perpendicular to the
sheets of the CÿH ´´´ O-bonded (HIPA)6 honeycomb cages
(Figure 6; note shift of origin), and the edge length a is quite
naturally seen to represent three times the stacking distance
of the sheets, as noted above. The cell angles b and g of the
chosen triclinic cell become equal on approaching rhombo-
hedral symmetry, and then may be shown to be related to a by
the equation 2 cos a� 3 cos2 bÿ 1. It may be verified that in the
actual triclinic cell (Table 1) this trigonometric relationship is
satisfied to a reasonable degree of approximation. Finally, the
stacking sequence ABCABC... of the honeycomb sheets
along the a axis also readily follows from the above geo-
metrical and symmetry considerations.


Structure of the molecular complex (HIPA)4 ´ CRO ´ (EtOH)2


with porous distorted HIPA honeycomb double sheets
accommodating CRO and EtOH guest molecules : In the


course of the crystallizations of the decahydrated 6:1 complex
of HIPA and CRO from ethanol (EtOH), some crystals were
noticed which appeared to differ from the concurrently grown
thick six-sided rods of (HIPA)6 ´ CRO ´ (H2O)10. They took a
more compact, polyhedral shape and indeed proved to
represent another, different adduct of HIPA and CRO, this
time a 4:1 complex containing no water but instead two
molecules of EtOH, that is of composition (HIPA)4 ´ CRO ´
(EtOH)2. The X-ray analysis of these likewise triclinic crystals
unveiled an intriguing host-guest architecture entirely differ-
ent from that of the 6:1 decahydrate, but related to the
honeycomb sheet structures of (TMA)2 ´ COR and (TMA)2 ´
HEL,[1] which conceptually provided the entry to the present
study (see Introduction). We therefore deem it appropriate to
round off this report with a description of the crystal structure
of the adduct (HIPA)4 ´ CRO ´ (EtOH)2. The adduct (HIPA)4 ´
CRO ´ (EtOH)2 crystallizes in the centrosymmetric triclinic
space group P1Å with one formula unit in the unit cell.
Accordingly, we are dealing with two symmetry-independent
HIPA molecules, one centrosymmetric CRO molecule, and
one independent EtOH molecule in the cell. The HIPA
molecules of (HIPA)4 ´ CRO ´ (EtOH)2 are assembled in
H-bonded, essentially planar sheets with distorted six-sided,
honeycomb-type cavities, in which the CRO and EtOH guest
molecules are embedded (Figure 12). As in (TMA)2 ´ COR
and (TMA)2 ´ HEL, six HIPA molecules participate in the
formation of a cavitiy in these two-dimensional three-
connected sheets, and are each engaged in three cavities
simultaneously. Four of the edges of the distorted honeycomb
cavities are provided by pairwise intercarboxylic H-bond
linkages between the HIPA molecules, while the remaining
two are brought about in opposite position by single O(H)O
bonds between the phenolic OH groups. The observed O ´´´ O
distances of the intercarboxylic H bonds range from 2.628(2)
to 2.643(2) �, average 2.635 �, and the corresponding
interphenolic O ´´´ O separation measures 2.693(2) �. The
phenolic linkages are necessarily offset laterally, and the
corresponding cavity edges, that is the distance between the
benzene-ring centers of the H-bonded HIPA molecules, are
shorter than those effected by the intercarboxylic linkages.
This leads to cavities, which are smaller in size than the
circular voids in (TMA)2 ´ COR and (TMA)2 ´ HEL brought
about entirely by intercarboxylic linkages, and arranges for an
elliptic shape of the pores (Figure 13). Quite evidently, the
HIPA sheets in (HIPA)4 ´ CRO ´ (EtOH)2 may also be looked
upon as being formed by zigzag chains of doubly H-bonded
HIPA molecules, which are joined through O(H)O bonds
between the laterally protruding phenolic OH groups (Fig-
ure 14). Clearly, the assembly of the CHTA molecules of
(CHTA)2 ´ CRO ´ (H2O)5 in distorted honeycomb sheets, as
discussed earlier, follows similar topological principles. Here
the phenolic linkages of (HIPA)4 ´ CRO ´ (EtOH)2 are re-
placed by hydrated CRO molecules tying together the lateral
carboxylic groups of the CHTA zigzag chains (Figure 4 b).
Neighboring HIPA sheets in the triclinic crystals of (HIPA)4 ´
CRO ´ (EtOH)2 are related by centers of symmetry, for
example those on which the CRO molecules reside. The
distorted HIPA honeycomb cavities of the single individual
sheets are, however, not strictly centrosymmetric since this
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does not comply with the phe-
nolic H bonding and the way
the CRO and EtOH guest mol-
ecules are accommodated in
the host voids, as described
subsequently.


It is evident from the very
concept underlying our present
comparative supramolecular
analyses that the size of the
distorted honeycomb cavities of
(HIPA)4 ´ CRO ´ (EtOH)2 can-
not be sufficient to accommo-
date an entire CRO molecule.
Moreover, the elliptic shape of
the voids is not compatible with
the circular crown conforma-
tion of CRO. Nevertheless, the
stacked, porous three-connect-
ed HIPA host sheets altogether
do accommodate CRO guest
molecules, and the puzzle�s sol-
ution is that the crown-ether
ring extends over two cavities
of neighboring sheets, explain-
ing the 4:1 composition of the
adduct. Now, the volume of two
cavities appears to be larger
than that of CRO, such that
the guest molecule calls upon
the assistance of two EtOH
molecules from the crystalliza-
tion solvent to fill space effec-
tively (Figure 12). The EtOH
molecules are H-bonded to two
opposite ether O atoms of a
centrosymmetric CRO mole-
cule, and in turn receive an H
bond from phenolic OH groups
of two centrosymmetrically re-
lated HIPA host molecules as-
signed to cavities of neighbor-
ing sheets (O ´´´ O distances of
these H bonds, 2.732(3) and
2.558(3) �, respectively); note
that only one half of the phe-
nolic H atoms are involved in
the H bonding of the HIPA host
sheets, such that one OH group
per cavity is left for binding to
EtOH. Through the H bonds of
the ªEtOH bridgesº the dis-
torted HIPA honeycomb sheets
of (HIPA)4 ´ CRO ´ (EtOH)2 are
thus seen to be tied together in
pairs, and the crystal architec-
ture as a whole consists of
stacked HIPA double layers in
the ªtwin cavitiesº of which the


Figure 13. Crystal structure of (HIPA)4 ´ CRO ´ (EtOH)2. Stereo ball-and-stick and space-filling drawings of a
single H-bonded, distorted HIPA honeycomb cavity with and without CRO ´ (EtOH)2 guest units (major CRO
conformation drawn only).


Figure 12. Crystal structure of (HIPA)4 ´ CRO ´ (EtOH)2. Stereo line and space-filling drawings of a section of a
HIPA double layer with CRO guest molecules anchored in the two distorted twin honeycomb cavities shown, by
means of H bonds through the ªassistanceº of two interposed EtOH molecules. Cell edges are outlined; only
major conformation of CRO drawn.
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CRO ´ (EtOH)2 units are suspended. No H bonding occurs
between different double layers (Figure 12 and Figure 14). A
single cavity of an individual HIPA sheet formally then houses
half a CRO molecule and one EtOH molecule. It therefore
appears to make sense formulating the adduct as (HIPA)2 ´
CRO0.5.EtOH, in order to highlight the architectural relation-
ship with (TMA)2 ´ COR and (TMA)2 ´ HEL. As already
indicated, the conformation of CRO in the adduct with HIPA
and EtOH is not the crown form but rather a leaner,
rectangular structure, as detailed further below. However,
because of this conformational difference and the fact that the
CRO molecules extend over two cavities of neighboring
HIPA sheets within a double-layer, and due to the presence of
the EtOH molecules, the pattern of CÿH ´´´ O contacts
between CRO and HIPA in the twin voids is much less
clear-cut than the respective host-guest contacts in these
TMA complexes or in (HIPA)6 ´ CRO ´ (H2O)10.


The H-bonded pairs of distorted HIPA honeycomb host
sheets in (HIPA)4 ´ CRO ´ (EtOH)2 are stacked in a laterally
displaced fashion such that oblique channels emerge, the axes
of which coincide with the cell edge a and are not at right
angles with the sheets (Figure 12). The lateral displacement
within the pairs of sheets, across the combined cavities of


which the CRO ´ (EtOH)2 guest
ensembles extend, is smaller and
in another direction than be-
tween different such pairs, as
may also be concluded from a
study of Figure 12. Inside the
oblique channels, the H-bonded
CRO and EtOH guest mole-
cules are assembled in likewise
oblique columns of stacked
CRO ´ (EtOH)2 units, a section
of which is shown in Figure 15.
Within the guest stacks the
CRO ´ (EtOH)2 units are trans-
lationally equivalent along the
cell edge a, precisely like the
pairs of HIPA sheets accommo-
dating them (Figure 12 and Fig-
ure 15). As noted above, the
EtOH molecules are H-bonded
to both CRO and HIPA and thus
mediate the anchoring of the
CRO guest molecules in the
HIPA host channels. This may
be compared to the situation
prevailing in (HIPA)6 ´ CRO ´
(H2O)10; here the H bonding of
the CRO molecules to the HIPA
molecules of the host channels is
relayed by the decameric water
clusters. Thus in both cases the
walls of the HIPA host channels
are equipped with protruding
phenolic OH groups ready to
extend H bonds to suitable ac-
ceptor guest molecules.


Conformation of CRO in (HIPA)4 ´ CRO ´ (EtOH)2 : It has
already been noted that the CRO molecules in (HIPA)4 ´
CRO ´ (EtOH)2 do not adopt the crown conformation, but
rather a slimmer, more rectangular form (major conforma-
tion; see below) which is better adapted to the roughly elliptic
shape of the HIPA host cavities (Figure 16 a). This conforma-
tion does in fact correspond to that observed in the crystals of
CRO itself.[2a] It is noteworthy that only two (centrosym-
metrically related) O atoms of CRO are engaged in H bonds
in this case, documenting that the rectangular conformation is
less in need to alleviate nonbonded repulsions between inner
O atoms than the crown conformation. Instead the present
rectangular form of CRO is stabilized by two transannular
CÿH ´´´ O contacts. The independent ring torsion angles of the
centrosymmetric rectangular CRO conformation as observed
in (HIPA)4 ´ CRO ´ (EtOH)2 are as follows (counterclockwise,
beginning with the OCCO torsion angle around the lower
right CC bond in Figure 16 a; values observed in the crystals of
CRO itself[2a] in parentheses; standard deviations roughly 0.3
and 0.28, respectively): ÿ72.2 (ÿ67.6), 179.0(175.5), ÿ173.9
(174.7), 167.0 (174.7), 175.5 (170.1), 78.9 (79.7), ÿ72.0
(ÿ75.4), 167.4 (155.2), ÿ164.78 (ÿ165.88). The average


Figure 14. Crystal structure of (HIPA)4 ´ CRO ´ (EtOH)2. Stereo line and space-filling drawings of an extended
section of a HIPA host double layer with CRO ´ (EtOH)2 guest systems suspended in the distorted twin
honeycomb host cavities (only major conformation of CRO drawn). Note the HIPA zigzag chains brought about
by the standard pairwise intercarboxylic linkages, and tied together through the interphenolic H bonds to
complete the distorted honeycomb sheets.
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absolute deviation of the compared torsion angles is 5.58, with
a maximum difference of 12.28. No speculation is offered as to
the origin of these deviations. In a difference electron density


map of (HIPA)4 ´ CRO ´
(EtOH)2 two residual peaks
were spotted, located in the
area of two opposite (centro-
symmetrically related) CÿO
bonds of the CRO molecule,
which were interpreted as indi-
cating a conformational disor-
der. Proper consideration in the
refinements suggested the pres-
ence of a minor conformation
with a statistical weight of 20 %.
Correspondingly, the major
conformation just described as-
sumed the fourfold weight of
80 %. The phenomenon is illus-
trated in Figure 16 a; note that
in Figures 12 ± 15 solely the ma-
jor conformation is drawn. As
far as we are aware, the likewise
centrosymmetric minor confor-
mation seen in (HIPA)4 ´ CRO ´
(EtOH)2 has not been consid-
ered in previous conformation-
al studies of CRO.[2c,d] It is also
roughly rectangularly shaped
with two transannular CÿH ´´´
O contacts, and may be related
to the crown conformation in-
sofar all O-C-C-O torsion an-
gles are synclinal and their sign
alternates. However, whereas


the crown conformation of CRO has all 12 C-C-O-C tosion
angles close to antiplanar, this holds only for eight of them in
the present minor conformation, the remaining four adopting


Figure 15. Crystal structure of (HIPA)4 ´ CRO ´ (EtOH)2. Stereo ball-and-stick and space-filling representation
of a sequence of CRO ´ (EtOH)2 guest units, stacked along the crystallographic a axis (major CRO conformation
drawn only). These guest stacks are anchored in the HIPA host channels through H bonds extended by the
phenolic OH groups of HIPA to the O atoms of the EtOH molecules.


Figure 16. Crystal structure of (HIPA)4 ´ CRO ´ (EtOH)2. Conformational disorder of CRO. a) Stereo ball-and-stick drawing of centrosymmetric major
(80 %) and minor (20 %; open atoms and bonds) rectangular conformations as resulting from a difference electron density map and subsequent refinements.
b) Force-field optimized minor conformation. c) The three conformations of CRO encountered in the present study as cut out of the diamond lattice
(idealized). I : crown conformation; II : rectangular conformation occurring in the crystals of CRO itself and in present adduct as major conformation; III :
new minor conformation in present adduct. The positions of the O atoms are marked by circles.
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synclinal values. An empirical force-field calculation on the
new rectangular form of CRO produced an energy minimum
about 2.0 kcal molÿ1 above that calculated for the major
conformation as occurring in the crystals of CRO itself. An
MM2-type force field without partial charges on the O atoms
was used; if reasonable charges are introduced, the minor
conformation resulted even more stable than the major
conformation. The energy-minimized new centrosymmetric
conformation of CRO is depicted in Figure 16 b and the
calculated independent ring torsion angles are (same se-
quence as above for major form): ÿ56, ÿ83, 173, 60, 176, 87,
ÿ67,ÿ177,ÿ1728. It is noted that the H bonding of the EtOH
molecules to CRO in the present adduct with HIPA is little
affected by the conformational disorder. The two ether O
atoms of CRO involved in the respective H bonds are those
pointing away from the ring interior most pronouncedly, and
are stereochemically very similar in both conformations
(upper right and lower left O
atoms in the diagrams of Fig-
ure 16; compare also Figure 12).
The three conformations of CRO
we have encountered in this
work, that is the crown confor-
mation (D3d symmetry), the rec-
tangular form as occurring
in crystalline CRO and in
(HIPA)4 ´ CRO ´ (EtOH)2 as ma-
jor conformation (Ci), and the
minor conformation in this ad-
duct (Ci), are all ªdiamond con-
formationsº,[13] that is their (ide-
alized) C,O ring skeleton may be
cut out of the diamond lattice
(Figure 16 c). The crown confor-
mation of CRO may thus be seen
to be superimposable on the
perimeter of all-trans-perhydro-
coronene, while the rectangular
crystal form of CRO (major con-
formation in present adduct with
HIPA and EtOH) fits the outer
18-membered ring of all-trans-
perhydroanthanthrene. The new
minor conformation as observed
in (HIPA)4 ´ CRO ´ (EtOH)2 is
not defined within a single sheet
of trans-fused cyclohexane chair
rings (Figure 16 c).


H-Bonding pattern in the crystals
of HIPA ´ (H2O)2 : We conclude
the present account with a brief
portrayal of the crystal structure
of HIPA, which has given us
much of the present attractive
supramolecular crystal chemistry.
With some difficulty, suitable
crystals of HIPA could be grown
from aqueous EtOH which


turned out to correspond to a dihydrate, HIPA ´ (H2O)2. The
crystals are needle-shaped with rhomb-like cross-section and
adopt the space group P21/c with four formula units in the unit
cell (Table 1). The HIPA and water molecules assemble in
gently corrugated sheets with a fairly complex, yet fully
ordered H bonding pattern (Figure 17 a). The dicarboxylic
acid molecules set up meandering chains linked up by single H
bonds between the carboxylic groups rather than the usual
pairwise H-bond linkages (drawn in bold in Figure 17 a;
O ´´´ O distance 2.657(1) �). In each U turn of these strongly
winding chains a water molecule is embedded, which is
H-bonded to a carboxyl CO and a phenolic OH group,
respectively, of two neighboring HIPA molecules. These
hydrated HIPA chains are then laterally H-bonded with the
help of water molecules of another type to complete the
sheets. Altogether four different H-bonded ring architectures
may be discerned in the sheets, composed of six, eight, and


Figure 17. Crystal structure of HIPA ´ (H2O)2. Ball-and-stick and line stereo diagrams showing a) one
corrugated H-bonded sheet with single intercarboxylic H-bond linkages in bold, and b) two neighboring layers
linked up by H bonds between tetracoordinated water molecules and carboxyl CO groups. The H-bonded fabric
is altogether three-dimensional.
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twice 14 members counting only the constituent C and O
atoms. The H-bonded six-membered ring (a chair form) and
one of the 14-membered rings are centrosymmetric (Fig-
ure 17 a). The stacking mode of the H-bonded layers is very
simple with the sheet sequence AAA..., corresponding to the
elementary translation along the short cell edge a�
3.6740(1) � (Table 1). The water molecules characterized as
sitting in the U turns of the HIPA chains are tetracoordinated
and extend a H bond to the carbonyl O atom of a carboxyl
group of a HIPA molecule assigned to a neighboring
sheet, such that the complete H-bonded network of HIPA ´
(H2O)2 ultimately becomes three-dimensional (Figure 17 b).
According to the fairly high crystal density of 1.562 g cmÿ3


(Table 1), the packing efficiency of this molecular fabric
appears good.


Conclusions


The initial stereochemical comparison of the molecular
shapes of COR, HEL, and CRO permitted us to accomplish
a piece of successful crystal engineering and has led us to
interesting supramolecular chemistry of hydrated (EtOH-
solvated) complexes between CRO and di- and tricarboxylic
acids. In addition, and quite unexpectedly, it presented us with
an intriguing decameric water cluster the connectivity of
which agrees with that derived from vibrational ± spectro-
scopic gas-phase measurements. Our study once again attests
to the high versatility of CRO as a potent vehicle and template
in supramolecular applications.[2b] The present results dem-
onstrate the effective stabilization of the crown conformation
of CRO by hydration. Furthermore, it emerges that hydrated
CRO is a rather avid H-bond acceptor, apparently leading in
particular to a high general propensity for binding to
carboxylic acids. Accordingly, we have found quite a few
further examples of hydrated complexes between CRO and
carboxylic acids. Finally, the observation of the water decamer
in (HIPA)6 ´ CRO ´ (H2O)10 entertains hope that other inter-
esting water clusters and hydrate architectures might be
uncovered in the solid state through studies of further
hydrated molecular complexes of CRO with H-bond donors.
Related experiments should be straightforward given the
ready availability of CRO and its versatile solubility proper-
ties.


Experimental Section


Crystallizations and crystal structure analyses : All the required chemicals
of the present study are readily available allowing relatively large
crystallization batches. The crystallizations, generally from EtOH or
aqueous EtOH, that is under ambient (humid) conditions, also benefitted
from favorable solubility properties of the molecular components such that
large crystals could be grown throughout. The crystallographic X-ray
measurements were performed at room temperature on a Nonius four-
circle diffractometer equipped with a CCD area counter using Mo
radiation (l� 0.71073 �). For (HIPA)6 ´ CRO ´ (H2O)10, in addition a low-
temperature measurement was undertaken at 100 K (see main text for
details). The crystal structures were solved and refined with the help of the
programs SHELXS97 and SHELXL97, respectively. Crystal and X-ray
analytical data of the five more prominent molecular complexes of the
present work are collected in Table 1 and have been deposited.[14]
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